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ABSTRACT
MECHANISTIC INSIGHTS AND FUNCTIONALIZATION OF
ALKYNES IN HOMOGENEOUS GOLD CATALYSIS
Manish Kumar
2nd June, 2014

The focus of my dissertation work was to study the basic mechanistic insights of
gold-catalyzed reactions. Although the various mechanistic pathways of gold
catalysis are better understood nowadays, numerous questions still remain
unanswered concerning the nature of deactivation of the catalyst’s active species,
high resistance towards protodeauration, and how we can solve these problems to
improve the efficiency of gold catalysis. To address these challenges in gold
catalysis we conducted first a detailed experimental study to understand the
mechanism of deactivation of gold active species. Based on the combination of
experimental data, we proposed that gold disproportionation is preferred as
compared to reduction of the active gold catalyst. To address the high resistance
toward protodeauration, we explored a new strategy to enhance the efficacy of
gold-catalyzed reactions through hydrogen-bonding assisted protodeauration using
additives chosen for their pKBHX (hydrogen-bond basicity). To address the
threshold phenomenon, we observed that high gold affinity impurities (halides,
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bases) in solvents, starting materials, filtration or drying agents could affect the
reactivity of the gold catalyst adversely, which, in turn, may significantly reduce
the TON of cationic gold. Use of a suitable acid activator (e.g. HOTf, In(OTf)3) reactivates the gold catalyst and makes the reaction proceed smoothly at low gold
catalyst loading. To explore the reactivity of Au catalysts towards oxygen-atom
transfer reactions, we investigated the gold-catalyzed addition of O-nucleophiles to
alkynes and found that this reaction can produce synthetically important vinyl
ether products in excellent yields and regioselectivities at room temperature. At
higher temperature, 3,3-sigmatropic rearrangement of vinyl ether products gives
access to highly functionalized benzotriazoles.
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CHAPTER 1. OVERVIEW OF THIS
DISSERTATION
1.1 Background of gold catalysis
Gold catalysis is considered one of the most important breakthroughs in organic
synthesis for the synthesis of common core structures of various natural products,
synthetic intermediates, and pharmaceuticals during the last decade.1-8 The first
breakthrough in gold catalysis occurred in 2000, when Hashmi and coworkers
developed a new gold-catalyzed methodology for C-C bond formation.9 Then
onwards, cationic gold species were regarded as the most powerful catalysts for the
electrophilic

activation

of

alkynes/allenes/alkenes

towards

a

variety

of

nucleophiles due to the relativistic effect of gold.10-13 Gold catalysis is widely used
in reactions like hydroamination, hydration, hydroalkoxylation of alkynes,
cycloisomerization of enynes and isomerization of allenyl esters.14-19 Unlike many
transition metal catalyzed reactions, gold catalysis does not require anhydrous and
air free conditions.
In the literature, it has been proposed that gold(I)-catalyzed nucleophilic addition
reactions proceed through innersphere and outersphere mechanisms.20-22 The most
accepted catalytic cycle is shown in Scheme 1 (outersphere mechanism). First, a
cationic gold complex (Au) acts as Lewis acid to activate C-C multiple bonds and
form a 2 complex Au-S (stage 1). At the same time, Au will also complex with
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other components I (solvent, nucleophiles, products, additives) in the reaction
system. Hoffmann and coworkers postulated that a symmetrical metal-olefin 2complex like Au-S does not have the right LUMO to interact with an incoming
nucleophile.23 Therefore, the transition state corresponding to the nucleophilic
attack cannot resemble the equilibrium 2-complex Au-S. But slippage of the
metal creates a LUMO, which can interact with the HOMO of a nucleophile.5 Thus,
the slippage of Au-S will form a very reactive intermediate B, which is eventually
attacked by the nucleophile to form C. Finally, C undergoes protodeauration
(protodeauration means addition of proton to the place from where the removal of
gold catalyst takes place to regenerate cationic gold) to give the final product. In
this mechanism, a monomeric cationic gold(I) is proposed to be the catalytically
active species.
R1
Nu

H

I (reversible
inhibitor)

H+ &

stage 2

R1
HNu

C
(Au -complex)

R2
S

Au

R2

(addition of
regeneration of
cationic gold)
protodeauration

R1

L Au X

stage 1

L Au I

+ H+ ,
- Au+

L
Au

X
Au-I

L
Au

R1

R2
Au-S

R2
R1
NuH

R2
Au
B L

stage 3
reversible off-cycle gold species
(e.g. bis-Au-vinyl species)

(Au -complex)

slippage
L = ligand
I = solvent, nucleophile or
product
X = counterion

decay of cationic gold

non-reversible off-cycle gold species
e.g. Au(0), L2Au+ etc.

Scheme 1. Catalytic cycle of a typical gold-catalyzed reaction.
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A parallel reaction--the decay of cationic gold(I) complexes--also takes place,
leading to the formation of inactive species like Au(0), and L2Au+ (stage 3).
Recently Widenhoefer and coworkers reported the formation of reversible offcycle gold species (e.g. bis-Au-vinyl species, stage 3).24

1.2 Mechanistic insights in cationic gold catalysis
Although in general cationic gold species are regarded as the most powerful
catalysts for the electrophilic activation of alkynes toward a variety of
nucleophiles.1-8,25, the following fundamental challenge has to be addressed before
a wider adoption of gold catalysis in medicinal chemistry and material synthesis
can take place, namely, catalyst loading (or turnover number) has to be improved.
It is common to use 5% catalyst loading in gold catalysis; considering that gold is a
precious metal and that it is difficult to recycle after each reaction, a 5% loading is
often not practical in large-scale synthesis. Conversely, on many palladiumcatalyzed coupling reactions (e.g., Suzuki reaction), the loading can be reduced to
ppm levels.26 To begin narrowing the gap with palladium, turnover numbers in
gold catalysis have to be improved significantly. Despite their remarkable
reactivity toward the electrophilic activation of alkynes, the challenge of cationic
Au(I) complexes, such as the popular standard gold catalyst (Ph3PAu+OTf -), is
how to overcome their poor stability (which has led to the formation of a gold
mirror and gold nanoparticles).27 Although the basic mechanistic pathways are
better understood nowadays, numerous questions still remain unanswered
concerning the nature of deactivation of catalyst’s active species, and how we can
prevent the deactivation to improve the efficiency of gold catalysis.
3

In this regard, we conducted the first detailed experimental study of the
deactivation of cationic gold, and examined the influence of each component in the
reaction system (e.g. substrate, counterion, solvent) on the decay process (Scheme
2).

We

found

that

a

substrate

(alkyne/allene/alkene)

that

induced

disproportionation of gold(I) might play a key role in the decay process. Our
mechanism was supported by kinetic, XPS, voltammetry studies and highresolution ESI-MS data. The detailed description of deactivation of the gold
catalyst will be described in Chapter 2.

Scheme 2. Outline of deactivation mechanism of active gold catalyst.

It is well established that most gold-catalyzed reactions go through two major
stages (Scheme 1).28 In stage 1 (from L-Au+ to C) a nucleophile attacks a gold
activated alkyne/alkene 2-complex to generate a charged trans-vinyl gold
complex intermediate C (or an alkyl gold complex in the case of alkenes). In stage
2, C is converted to product with concomitant regeneration of the cationic gold
species via protodeauration. The turnover limiting stage for a large percentage of
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gold catalyzed reactions actually occurs in the protodeauration stage.29 This
circumstance is not surprising because a protonated vinyl gold intermediate C is
reluctant to undergo protodeauration easily due to the fact that its positive charge
will hinder interaction with another proton-containing molecule (acid). Keeping
this fact in mind, we observed in our investigations that additives that are good
hydrogen-bond acceptors increase the efficiency of gold-catalyzed reactions in
those instances where protodeauration is the rate-determining step (Scheme 3). The
efficiency of additives capable of hydrogen bonding-assisted protodeauration
correlated with their standing in a scale of hydrogen bonding basicity (measured
by pKBHX). All additives used in our study were commercially available. The
detailed description of additive effects through hydrogen bonding will be described
in Chapter 3.

Scheme 3. Outline of enhanced reactivity in gold catalysis through hydrogen bonding.

In kinetic studies of catalyzed reactions it is customary to study the relationship
between the rate of the reaction and the concentration of the catalyst to learn more
about the mechanism of the reaction. Although a linear correlation between the
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concentration of the catalyst and the initial rate data often exists when the rate is
plotted against concentration, numerous studies have shown that the regression line
does not intersect with the origin (eq 1, A≠0). If there is no background reaction,
the rate should be zero when the catalyst concentration is zero, so A (intercept)
should also be zero, but this is not the case in many reactions (A is usually less
than zero),30-32 indicating that a threshold catalyst concentration is required.
Beyond vaguely implying some sort of catalyst poisoning, literature reports have
not addressed the causes of this type of threshold. Although this phenomenon is
ubiquitous in catalysis, relatively little effort has been spent on the investigation of
this anomaly and the possible implications of this threshold phenomenon in
catalysis.30-32 During our research to improve the efficiency of gold catalysis,29,33-36
we found that this threshold phenomenon is common in gold-catalyzed reactions.

Scheme 4. Outline of cationic gold catalyst poisoning and re-activation.

We observed during our investigations that high gold affinity impurities (halides,
bases) in solvents, starting materials, filtration or drying agents could affect the
reactivity of the gold catalyst adversely (Scheme 4), which may significantly
reduce the TON of cationic gold catalyzed reactions. Use of a suitable acid
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activator (e.g. HOTf, In(OTf)3) re-activates the gold catalyst and makes the
reaction proceed smoothly at low gold catalyst loading. The detailed description of
the threshold phenomenon will be described in Chapter 4.

1.3 Functionalization of alkynes through addition of Nhydroxy heterocycles
N-heterocycles such as benzotriazoles and indoles are among the most important
structural classes in medicinal chemistry.37-47 For example, 4-functionalized
benzotriazoles are important precursors for the synthesis of pyrimidine- or
pyridine-based compounds used in the treatment of GSK3 mediated disorders
because they inhibit glycogen synthase kinase (GSK3).48 Many functionalized
benzotriazoles and indoles are also important synthetic intermediates.49,50 Gold
complexes are well known for their ability to catalyze a wide variety of
synthetically interesting reactions of alkynes/allenes/alkenes.4,7,28,51-58 In particular,
the gold-catalyzed oxygen transfer of a nucleophilic oxygen atom to an alkyne
group is synthetically useful.59-65
To further explore the reactivity of Au catalysts towards oxygen-atom transfer
reactions, we investigated the gold-catalyzed addition of O-nucleophiles to alkynes
to produce synthetically important vinyl ether products in excellent yields and
regioselectivities at room temperature. Although these vinyl ethers are generally
not stable enough to be isolated with standard silica gel chromatography, they were
stable in our hands. At higher temperatures, the subsequent 3,3-sigmatropic
rearrangement of vinyl ether products gave access to the pharmaceutically
important functionalized N-heterocycles.
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This two-step sequence represents an efficient oxygen transfer protocol of a
nucleophilic oxygen atom to an alkyne group (Scheme 5). Furthermore, the
reaction of a vinyl ether with electrophiles, such as the electrophilic fluorinating

Scheme 5. Outline of fuctionalization of alkynes through nucleophilic addition.

reagent Selectfluor, gives a fluorinated ketone in good yield and exclusive
regioselectivity. The detailed syntheses will be described in Chapter 5.
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CHAPTER 2. ALKYNE/ALKENE/ALLENE
INDUCED DISPROPORTIONATION OF
CATIONIC GOLD(I) CATALYST
2.1 Background
During the last six years both our group and others have been working rigorously
for the development of new gold methodologies for the synthesis of interesting
compounds. However gold catalysis, a landmark addition to the field of organic
synthesis,1,3,4,6,66,67 is not without shortcomings, the main one being the relatively
low turnover numbers observed in the majority of gold-catalyzed reactions. Indeed,
high turnover numbers (or low catalyst loadings) (106 TON) are observed only for
a few types of gold catalyzed reactions (e.g., hydration of alkynes).68-74 In most
gold catalyzed reactions, catalyst loadings in the 1-5% range are the norm.14-18 One
reason for the low turnover numbers (TON) is the relatively fast decay of cationic
gold and its conversion into non-reactive species (e.g., Au0 - gold mirror and/or
gold particles and [L2AuI]+.75-79 Despite this drawback, there has been no
comprehensive systematic investigations on the decay of homogeneous gold
catalysis, a stark contrast with the extensive work reported on catalyst deactivation
in heterogeneous catalysis.80 In this chapter, we answer some fundamental and
intriguing questions on gold(I) decay, such as the effects of starting material,
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nucleophile, solvent, counterion and additives, and we offer a probable pathway
for gold(I) decay.

2.2 Results and discussion
A simplified gold catalytic cycle is shown in Scheme 6. The cationic gold complex
(L-Au+) acts as carbophilic Lewis acid,81 activating an unsaturated C-C bond to
form a -complex [L-Au+-S]. The interaction of [L-Au+-S] with a nucleophile
(Nu) yields a gold -complex ([L-Au-S-Nu]) that eventually undergoes
protodeauration and the regeneration of cationic gold.

[L-Au+-S]

L-Au+ + S
cationic gold

Nu

[L-Au-S-Nu]

Au -complex
L
e.g. Au

Au -complex
+

e.g. L Au
I
[L-Au+-I]

Product

Nu

S = alkyne/allene/alkene substrates
Nu = nucleophile
I = solvent, counterion, nucleophile or product

Scheme 6. Simplified representation of the gold catalytic cycle.

The complex [L-AuI]+X- (X = weakly coordinating counterion such as OTf -) is
relatively stable by itself, but in many reactions it decays at a fast rate (from a few
minutes to a few hours). This behavior suggests that a cationic gold catalyst may
decay rather rapidly in the presence of certain components in a reaction system.
Because Ph3PAu+OTf

-

(2-1) is one of the most commonly used cationic gold

catalysts,15,16,18 we chose it as our model catalyst to study the deactivation process.
2-1 in CDCl3 is relatively stable (31P NMR peak at 27.4 ppm is the only peak)82
and also catalytically active for 24 h at room temperature (Figure 1).
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Figure 1. 31P NMR signal for Ph3PAu+OTf – (2-1).

First, we investigated the kinetic stability of [L-Au+-S] (Scheme 4, S =
alkyne/allene/alkene). After adding cyclohexene (10 equiv vs. 2-1) at room
temperature, we noticed significant amounts of gold mirror/black particles (Au0) in
the NMR tube, a telltale indication that 2-1 (0.01 M in CDCl3) had undergone
significant decay. In the beginning, only a single
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P NMR peak at 29.5 ppm was

recorded, consistent with a gold-alkene π-complex or a fast equilibrium between
free Ph3PAu+OTf – and [Ph3PAu-alkene]+OTf – (Figure 2). The signal at 29.5 ppm
[gold(I)-alkene complex] decreased over time, and a new signal at 45.0 ppm
increased over the same time period. We assigned this new signal the structure
(Ph3P)2Au+OTf – (2-2). This assignment is in agreement with the 31P NMR shift
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Figure 2. Decay of 2-1 in the presence of cyclohexene monitored by 31P NMR spectroscopy.

value of 2-2 reported in the literature83-86 and also with the chemical shift recorded
for our independently synthesized 2-2 (Figure 3).

Figure 3. ESI-MS of sample B (Scheme 10).
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This assignment was further confirmed by high resolution ESI mass spectroscopy
([M-OTf]+ at m/z = 721.1483) (Figure 3). We also recorded the 1H NMR of the
reaction mixture, and found that cyclohexene itself had remained unchanged
during the decay process. Moreover, we also observed cationic gold deactivation
with different concentrations of cyclohexene, in which we found that increase in
concentration of cyclohexene sped up the decay (Figure 4a). Furthermore, We also
conducted NMR experiments to compare gold decay with diferrent unsaturated
compounds like alkene/alkyne/allene (10 equiv vs. 2-1). We observed that
significant deactivation of the cationic gold catalyst 2-1 took place in all cases
(Figure 4b).
Next, we investigated the influence of other common components (e.g. solvent,
counterion, and additives) on the kinetics of gold catalyst decay. We found that
solvent also affects the stability of the gold catalyst 1. Gold catalyst (2-1) was
stable against deactivation for 24 h at room temperature in the solvents that we
tested. However when cyclohexene (10 equiv vs. gold) was added, the decay
process began in earnest. Highly coordinating solvents (CH3CN, dioxane) have
shown good aptitude in preventing the deactivation of the gold catalyst due to their
high binding affinity with the gold catalyst, even higer than alkyne/alkene/allene
(Figure 4c).
As mentioned above, Ph3PAu+X– alone is relatively stable, but when cyclohexene
was added, different degrees of decay were observed in all cases (Figure 4d).
Moreover, compared to the commonly used OTf

–

counterion, NTf2- has great

ability to stabilize the cationic gold catalyst. As described (Figure 4d), a more
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coordinating counterion (NTf2-, OPOF2-) made a significant increase in the
stability of our model gold catalyst 2-1, rather than a non-coordinating counter ion
(BF4-).87 Just as it was the case with solvents and counterions, most of the additives
we screened did not induce the decay of cationic gold, but when we tested how
they influenced the decay kinetics in the presence of cyclohexene, we found that
the decay of cationic gold slowed down differently depending on the type of
additives used (Figure 4e). Many N-heterocycles and HMPA stabilized the gold
catalyst significantly; similarly, other additives (LiNTf2, pyridine N-oxide, sodium
sufinimide, KCTf3, DMPU) slowed down the decay of gold catalyst 2-1 to
different extents.

Figure 4. a) Decay of [Ph3PAu+OTf -] (2-1) in the presence of cyclohexene; b) decay of 2-1 in
the presence of alkene/alkyne/allene; c) decay of 2-1 in various solvents in the presence of
cyclohexene; d) decay of [Ph3PAu+X-] in the presence of cyclohexene; e) decay of 2-1 in the
presence of cyclohexene and additives; and f) water effect on decay of 2-1.

Because trace water is ubiquitous in the reaction system, we investigated the effect
of water on catalyst deactivation. We found that water alone has little effect on the
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decay (Scheme 4f). Nevertheless, we observed a significantly faster deactivation of
gold catalyst 2-1, when 2-1 (0.01 M) was mixed with both cyclohexene (10 equiv)
and water (1 equiv) at room temperature.
We postulated two possible pathways to explain the decay behavior (generation of
Au0 from AuI). One pathway is disproportionation, and the other is reduction of
gold(I) by certain reductants in the reaction system. Ceroni and coworkers88
reported that gold nanoparticles (Au0) can be produced by disproportionation of
Au+ ions. Some research groups have also speculated that the deactivation of the
gold catalyst is due to disproportionation.76,77 However, no direct experimental
evidence has been reported to support these statements. We decided to investigate
the actual gold valence change in the decay process experimentally. The redox
potential of cationic gold should provide us with quantitative information to
determine the ease of reduction of AuI in a reaction system. Laguna and coworkers
have studied the redox chemistry of AuI and AuIII complexes using cyclic
voltammetry in CH2Cl2 and also in acetonitrile.89 In this work, they observed
reduction of Au(III) to Au(I) for Au(III) complexes (eg., PPN[AuCl4] ) and
reduction of Au(I) to Au(0) for most of the Au(I) complexes (eg., Ph3PAuCl ).
They observed that peak potentials of -0.1 and -0.7 V vs. SCE for the successive
reduction of PPN[AuCl4] [Au(III) complexes] in contrast to the reduction peaks at
-2 V vs. SCE for Ph3PAuCl [Au(I) complexes].
Initially we thought that cationic gold 2-1 (Ph3PAu+OTf -, active gold species in
catalysis) would have a different half potential as compared to covalent complex
Ph3PAuCl, inactive gold species in catalysis (-2 V vs. SCE). But we also observed

15

the same behaviour for a single irreversible redox event at very high negative half
potential for our cationic gold 2-1 species as discussed next.

Figure 5. Cyclic voltammogram (red line) of 2-1 (2 mM in CH2Cl2 with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAHFP)). Blue line is background CV of
supporting electrolyte in CH2Cl2.

We also chose CH2Cl2 as solvent to have a frame of reference to measure the
reduction potential of cationic AuI. The cyclic voltammogram of 2-1 revealed a
single irreversible redox event (Figure 5) at a very negative formal potential (-2.5
V vs. ferrocenium/ferrocene). Data were collected at 100, 200, 400, 600, 800, and
1000 mV/s (Figure 6). Compared with the formal potential of Au+ (AuCl2-/Au
pair) in aqueous media (+1.11 V vs. SHE),90,91 the highly negative potential of 2-1
in CH2Cl2 denotes that a direct reduction of catalyst 2-1 could be very difficult.
This observation was further confirmed by adding a strong reductant to 2-1. When
[CoCp*2] (reduction potential in CH2Cl2 is -1.94 V vs. ferrocenium/ferrocene)90
was added to a solution of 2-1, no reduction took place. [CoCp*2] is already a very
strong reductant, and most compounds in the reaction system are far less reducing.
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Also, in our decay kinetic studies, we did not observe any change in the 1H NMR
of cyclohexene in the solution.

Figure 6. CV of gold catalyst 2-1 at different scan rate.

Because

31

P NMR, 1H NMR or voltammetry do not reflect the change in the

chemical state of gold itself, we used other more direct techniques to investigate
the change in the chemical state of gold. XPS (X-ray photoelectron spectroscopy)
is a quantitative spectroscopic technique that measures the elemental composition,
chemical state, and electronic state of the elements that exist within a material.92
We93 and others94,95 have used XPS in the determination of the chemical state of
gold catalysts. The Au 4f7/2 peaks can be resolved into a doublet (spin-orbit
splitting) and the binding energy of Au 4f7/2 electrons in each gold oxidation state
are usually sufficiently wide apart to be differentiated using this technology.
First, we tested our gold standard samples (ClAuIPPh3 and NaAuIIICl4) and found
that the Au 4f7/2 photoelectron peak was located at a BE value at 85.7 and 87.5 eV
respectively, which is quite consistent with literature reports (Figure 7).
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Figure 7. XPS spectra of standard samples (AlKα = 1486.6 eV) corresponding to the Au 4f7/2
photoelectron peaks.

Then, we tested our cationic gold catalyst with various counterions. We prepared
these cationic gold samples in chloroform; 24h later these solutions were dried in
high vacuum and were subjected to XPS analysis (Figure 8, a-c). As expected, the
gold valence in these three samples is still Au(I). We treated 2-1 (0.01 M in
CDCl3) with cyclohexene (10 equiv), after 48 h we filtered the mixture and
collected the liquid portion (sample 1, Figure 8d) and solid precipitate (sample-2,
Figure 8e). We conducted XPS analyses of both samples.
The majority of the solid sample (sample 2) was Au0 (Figure 8e), and the liquid
fraction was AuI (Figure 8d). Because we detected none or very little of an AuIII
component, it is highly possible that a reductive agent like the phosphine ligand
reduced AuIII (because of the high oxidation power of cationic AuIII itself). Next,
we investigated the disproportionation of gold(I) in the absence of a phosphine
ligand. First, we tested a commercial AuICl sample; although the majority of it
corresponded to AuI, there was also a small amount of AuIII present (Figure 8f).
We wanted to investigate the behavior of cationic gold(I) (AuIOTf) under these
conditions. AuICl and AgIOTf (1 equiv) were mixed (to prepare Au1OTf) in dry
dichloromethane with, and without, cyclohexene; after stirring for 30 min under
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dark and anhydrous conditions, we observed the formation of black particles. We
collected the black particles (sample-3) and conducted a XPS analysis of sample 3
(Figure 8g), which denoted the presence of Au0, AuI and AuIII. We conducted the
same experiment but in the company of cyclohexene, and observed a similar result.

Figure 8. XPS spectra (AlKα = 1486.6 eV) corresponding to the Au 4f7/2 photoelectron peaks.
1

H NMR analysis indicated no change in the structure of cyclohexene in the

decay solution. This result suggested that cyclohexene did not play a role as
reductant. All together, the experimental data supported the disproportionation of
cationic gold(I) in the absence of a phosphine ligand.
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Because XPS is conducted under high vacuum and the samples are tested in the
solid state there was some concern that the gold catalyst might have changed under
these conditions. We wanted to further confirm the existence of gold(III) by
investigating the gold species directly in solution phase. Electrospray ionization
mass spectroscopy (ESI-MS) is a soft ionization technique96,97 and is an especially
suitable technique because cationic gold intermediates are charged species. In a
previous work we succeeded in detecting the existence of gold(III) species using
high resolution-ESI-MS.98 In this work first, we checked the high-resolution ESIMS spectra of sample 1 (Figure 9). We only detected the presence of various AuI
species (e.g. [(Ph3P)AuI]+ (m/z 459.0571), [(Ph3P)AuI.H2O]+ (m/z 477.0677),
[(Ph3P)2AuI]+ (m/z 721.1483)). This observation is consistent with our previous
XPS analysis (Figure 8d).

Figure 9. ESI-MS of Sample 1.
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According to our previous studies of gold valence using ESI-MS,93 AuIII species
are difficult to detect under standard condition, but we have been able to detect
AuIII species by adding a bidentate ligand and a halide (bipyridine and chloride).93
Because AuIII complexes have square-planar geometry, a bidentate ligand should
greatly stabilize the AuIII cation during the ionization process and chloride will

Figure 10. ESI-MS of Sample A (Scheme 10).

further stabilize cationic AuIII.93 Therefore, we added bipyridine and chloride in
sample 1. Again, only AuI species (e.g. [(Ph3P)AuI.bypridine]+ (m/z 615.1266),
[(Ph3P)2AuI]+ (m/z 721.1483)) were detected (Figure 10). This result indicates
there is no AuIII in the presence of a phosphine ligand (PPh3). We used the same
method to investigate the ESI-MS of sample 3. Various AuIII species were
detected (Figure 11). Our high resolution-ESI-MS studies are consistent with our
previous XPS studies, that is, there was no AuIII species (only AuI species) in
sample-1, but various AuIII species were detected in sample-3.
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Figure 11. ESI-MS spectrum of sample 3.

Based on the combination of all the above experimental data, we are now in a good
position to understand the decay mechanism, which can be summed up as follows:
1) Cationic AuI without a suitable ligand (e.g. AuIOTf) disproportionates readily
compared to the non-cationic form (e.g. AuICl) (see Figure 8, sample 3).
2) In the presence of a suitable ligand, cationic gold(I) decays (or
disproportionates) at a much slower pace. Ph3PAu+OTf

–

is stable for at least 24h

(Figure 8b) and AuIOTf disproportionates in less than 0.5 h (Figure 8g). This
conclusion serves to explain why ligands are so ubiquitous in gold catalysis.
3) Cationic AuI π-complexes with π-donors (C-C unsaturated compounds like
alkyne/allene/alkene)

undergo

relative

fast

decay,

whereas

cationic

AuI complexes with most -donors (N-heterocycles, acetonitrile etc) are very
stable.
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The detailed role of substrates (alkyne/allene/alkene) in substrate-induced cationic
gold decay is not very clear yet. Considering the great stabilization effect of the
phosphine ligand (or NHC ligand) against disproportionation, our hypothesis is
that an alkyne/allene/alkene may help to temporarily displace the phosphine ligand
from the gold(I) center via a trans-effect. The trans-effect is the labilization
(destabilization) of ligands that are trans to certain other ligands in a metal
complex. Although most examples of trans-effect are observed in square planar
complexes (e.g. Pd, Pt), we propose that it may also operate in linear metal
complexes like gold(I) complexes.99 And alkenes/alkynes are indeed the ligands
that have shown the strongest trans-effect. Odell and coworkers demonstrated that
alkenes and alkynes showed the highest trans effect of any other compounds in
platinum complexes (trans effect: C2H4 ~ iPrCH=CHMe ~ Me2C(OH)C≡CC(OH)Me2 >> Et3Sb > Ph3Sb > Me3P > Et3P > Ph3P).100
Our proposed decay mechanism is shown in Scheme 7. First, cyclohexene will
complex with cationic gold to form a gold-alkene π-complex, then, because of the
trans-effect of the alkene, the phosphine ligand will be temporarily replaced to
form complex 2-2 and free AuIOTf. The disproportionation of AuIOTf generates
Au0 and AuIII(OTf)3. This disproportionation may be enhanced by the presence of
trace water in the system. This statement is supported by a literature report that
stated that a AuI complex undergoes disproportionation in aqueous solution, while
AuI is stable in organic solvents.101
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Ph3P(OTf)2
or Ph3P=O
+
AuI complex

OTf -

2 Ph3PAu+

2 Ph3PAu+OTf - +
2-1
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1/3 Au(OTf)3 + 2/3 Au0

-cyclohexene (Ph P) Au+OTf 3 2
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+
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or other
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Scheme 7. Proposed mechanism for substrate-induced cationic gold decay.

The disproportionation of AuIOTf or its alkene/alkyne complex can be a relatively
fast process (see Figure 8g, sample 3). This statement also has literature support:
Dias and coworkers

102-105

reported that AuI alkene or alkyne complexes without

ligands are only stable at very low temperature, turning into black particles at room
temperature. It is well known that AuIII will oxidize the phosphine ligand,106 and it
will be reduced to AuI again.

Figure 12. ESI-MS of Sample C (Scheme 10).
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We propose that Ph3P is oxidized to Ph3P(OTf)2,107 which could then be
hydrolyzed to give Ph3P=O in the presence of water. The presence of Ph3P=O has
been confirmed by ESI-MS and TLC (by comparison with an authentic sample).
Furthermore, when we mixed Au(OTf)3 (generated from AuCl3/AgIOTf) with PPh3
(sample C), we did obtain (Ph3P)2Au+OTf

–

(2-2) and Ph3P=O (Figure 12). This

behavior could explain why we were not able to detect AuIII in gold solutions using
XPS and ESI-MS (sample 1).
We now can apply our decay mechanistic study to explain some unanswered
questions:
i) What causes the decay of cationic gold? Induced cationic gold decay by
unsaturated compounds (alkyne/allene/alkene) is the major reason for cationic gold
decay. It should be noted that the starting material is not the only source of C-C
unsaturated compounds; the products often contain C-C unsaturated compounds as
well.
ii) Why is it that a high turnover can be achieved in some reactions but not in
others? The decay process is highly dependent on the resting state of the gold
catalyst. Based on our most recent study,29 we have classified gold catalyzed
reactions according to their turnover limiting stage: in type I, the formation of
gold--complex ([L-Au-S-Nu] in Scheme 6) is the turnover limiting stage; in type
II, the regeneration of cationic gold catalyst (e.g. protodeauration) from [L-Au-SNu] is the turnover limiting stage. For type I reactions, the resting state is often [LAu+-S] (Scheme 6), thus, a relatively fast decay is to be expected, and so, turnover
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numbers will be low in general. On the other hand, in type II reactions, the resting
state is usually not [L-Au+-S], so the decay is relatively slow and high TON are to
be expected.
According to our recent study,29 the hydroamination of an allene is a type I
reaction (Scheme 8a). Toste and coworkers32 have found that the gold resting state
is the gold-allene complex 2-3A in this reaction (Scheme 8a). Intermolecular
hydroamination of an alkene
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is a similar example (Scheme 8b). In these

reactions, high loadings of gold catalyst (5% or higher) are typically used. And in
these reactions, we did observe the formation of decay gold products 2-2 and Au0
in the reaction mixture, especially when triflate was used as counterion.
A typical example of Type II reactions is the cyclization of propargyl amide (2-7)
(Scheme 8c); its catalyst resting state is a [L-Au-S-Nu] type intermediate 27A.29,108 Thus, the decay of the active catalyst is expected to be slow. Indeed, low
catalyst loadings (0.1%) have been achieved for this reaction.109 Similarly, the
alkyne hydration (Scheme 8d) reported by Nolan and coworkers,70 and the
intramolecular addition of a diol to an alkyne reported by Hashmi and
coworkers71,110,111 have been achieved with very high turnover numbers. In these
reactions, the turnover limit determining stage is most likely the protodeauration of
[L-Au-S-Nu] type complex (Scheme 6).29
We chose those reactions because acyclic and heterocyclic nitrogen-containing
derivatives

are

common

components

of

naturally

occurring

compounds

agrochemicals, cosmetics, and pharmaceuticals; they are also useful intermediates
in a number of industrial processes.
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Scheme 8. Catalyst decay in different gold catalyzed reactions.

iii) What can we do to reduce the decay of an active gold catalyst? Our studies
indicate that the use of -donors like N-heterocycles and CH3CN will enhance the
stability of the cationic gold,9,112 but -donors also have significant detrimental
effects on reactivity, so their use is usually not a good option. But it is still possible
to disrupt the gold–alkyne/alkene interaction and therefore reduce the decay by
using suitable ligands and counterions. We have reported recently that the use of a
ligand containing a o-biphenyl steric handle can reduce the decay of cationic
gold.29,113 As shown in 8e, a o-biphenyl motif will clearly interrupt the bonding of
the gold center with an alkene/alkyne, which may be the reason it slowed down its
decay. A steric handle like o-biphenyl will not reduce the reactivity though;
actually for many types of gold catalyzed reactions, ligands with biphenyl motif
often give faster reactions.4,114 In Figure 4d, we demonstrated that some
counterions are more capable of stabilizing the cationic gold. NTf2- is a notable
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example. The use of NTf2- won’t reduce reactivity; in many reactions, NTf2actually enables faster reactions compared with a commonly used counterion such
as OTf -.87
It should be noted that the alkyne/alkene/allene induced disproportionation of
cationic gold(I) species may generate small gold clusters or gold nanoparticles
under suitable conditions, which can exhibit high reactivity in certain gold
catalyzed reactions.72,115 Therefore, disproportionation may not be the end of the
story for gold catalysts. We believe that if relatively large gold particles or a gold
mirror are generated through disproportionation, the reactivity of the gold catalyst
will be lost, but if we can control this disproportionation process so as to generate
small gold clusters or gold nanoparticles, we may then be able to obtain new
reactivity.

2.3 Summary
In summary, we have conducted the first detailed experimental studies to describe
the possible mechanism of gold decay. There have been no reports with direct
experimental details about the deactivation mechanism. In most gold-catalyzed
reactions, catalyst loadings in the 1-5% range are the norm. One reason for the low
turnover numbers (TON) is the relatively fast decay of cationic gold and its
conversion into non-reactive species. We proposed two mechanisms i.e., reduction,
and disproportionation. Our experimential studies support that disproportionation
was the most preferable as compared to reduction, based on our individual studies
of each step, and we proposed a mechanism. All our results, based on 1H &
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NMR, Cyclic Voltammetry, XPS, and High-Resolution ESI-MS spectroscopy,
favor the disproportination mechanism rather than reduction of gold catalyst. Our
experimental studies support the substrate (alkyne/allene/alkene)-induced cationic
gold decay (disproportionation) as the main reason behind cationic gold
deactivation, but it should be noted that there could be other decay pathways. We
also observed that decay depends on the resting state of the gold catalyst. We also
found out that additive effects (neutral organic compound, counterion, solvent)
could be useful to prevent the deactivation of the common gold catalyst. Our
studies indicated that the use of -donors like N-heterocycles and CH3CN enhance
the stability of the cationic gold, but -donors also have a significant detrimental
effect on reactivity, so their use is usually not a good option. But it is still possible
to disrupt the gold–alkyne/alkene interaction and therefore reduce the decay by
using suitable ligands and counterions that could be useful to lower gold catalyst
loading, and could be useful to increase the turnover number in gold catalysis. In a
future roadmap, and as a corollary of our finding that additives play a very
important role in catalysis, we would like to expand the use of additives such as
LiNTf2 not only in other types of gold catalysis but also apply them to other metal
catalyzed reactions. The work described in this chapter was published in Chem.
Eur. J. 2014, 20, 3113-3119.
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2.4 Experimental
General
1

H,

13

C, and

31

P NMR spectra were recorded with Varian spectrometers at 400,

100, 160MHz respectively, using CDCl3, dacetone as a solvent. The chemical shifts
are reported in  (ppm) values relative to CDCl3 ( 7.26 ppm for 1H NMR and (
77.0 ppm for

13

C NMR), relative to dacetone ( 2.05 for 1H NMR), multiplicities

are indicated by s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br
(broad). Coupling constants (J) are reported in Hertz. All deuterated solvents used
in the reactions were used as received. All simple solvents (e.g. dichloromethane)
were chemically dried using a commercial solvent purification system. All other
reagents and solvents were employed without further purification. TLC was
developed on Merck silica gel 60 F254 aluminum sheets. All the commercial
reagents, and solvents were purchased from Aldrich or Strem or Fisher, and used
without purification except cyclohexene (cyclohexene was redistilled). FT-ICRMS - Fourier Transform-Ion Cyclotron Resonance-Mass Spectrometer was used
for high resolution ESI-MS spectroscopy. Electrochemistry (Voltammetry) was
performed with Potentiostat/Galvanostat Model 273.

Monitoring the reaction using in situ NMR spectroscopy
The model reaction was conducted in a NMR tube equipped with a screw cap and
septa. All reactions were monitored using a Varian 400Mz NMR Spectrometer
with the capacity to adjust the probe temperature with robotic sample changer at
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room temperature. When
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P NMR was used to monitor the progress of reaction,

85% H3PO4 (sealed in a capillary tube) was used as external standard for NMR
integration. When 1H NMR was used to monitor the progress of reaction, a
solution of tetramethylsilane in CDCl3 (sealed in a capillary tube) was used as
external standard for NMR integration.

General procedure for preparation of Ph3PAuCl and Ph3PAu+X- (X=
OTf -, NTf2-, OPOF2-, SbF6-, C(Tf)3-, BF4-)
Synthesis of gold complexes (L-AuCl).
Gold complexes (L-AuCl) were synthesized using a slightly modified version of a
literature method.116 These complexes were prepared via the following general
procedure:
Sodium tetrachloroaurate(III) dihydrate (1 mmol) was dissolved in water, and the
orange solution was cooled in ice. To this solution, 2,2’-thiodiethanol (3 mmol)
was slowly added (ca. 30 min) with stirring. A solution of the phosphine ligand (1
mmol) in EtOH (if the ligand could not be dissolved, more EtOH was used) was
added dropwise to yield a white solid. The solid was filtered, washed with water
and then EtOH, and dried in vacuum.
Preparation of cationic gold (L-Au+OTf-) stock solution.

Standard stock solutions of cationic gold catalyst were made by weighing the LAu(I)Cl (0.1 mmol) complex into a vial and adding corresponding deuterated
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solvent, then 1.2 equiv of AgIOTf (0.12 mmol) was added, the vial was sonicated
for 3-5 min at room temperature, then the vial was centrifuged and the clear
solutions was transferred to a clean glass vial. The solution was kept in freezer (20oC) until it was used.
Preparation of ((Ph3P)2Au+OTf -) 2-2.
Cationic gold catalyst 2-1 was made by weighing the Ph3PAu(I)Cl (0.1 mmol)
complex into a vial and adding corresponding dichloromethane solvent (2 mL),
then 1.2 equiv of AgIOTf (0.12 mmol) was added, the vial was stirred for 2-3 h at
room temperature, then the vial was centrifuged and the clear solution was
transferred to a clean glass vial and the solvent was removed at high vacuum to
leave a white solid Ph3PAu+OTf

–

(2-1). Ph3P (0.1 mmol) was added in a vial

having 2-1 with dichloromethane (1 mL) and the solution was stirred at room
temperature for 2-3 h. Solvent was removed at high vacuum to leave a white solid
(Ph3P)2Au+OTf – (2-2). 2-2 was characterized by 31P NMR (45.0 ppm) and ESI-MS
(Figure 3).

X-Ray photoelectron spectroscopy (XPS) studies
XPS is a quantitative spectroscopic technique that measures the elemental
composition, chemical state and electronic state of the elements that exist within a
material.117 For example, it has been used in determination of chemical state of
supported gold catalysts.94 The binding energy of Au 4f7/2 electron of each gold
oxidation state is usually wide enough apart to be differentiated by this technology
(Table 1).
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Table 1. The literature reports of binding energy of Au 4f7/2 electron.

X-ray photoelectron spectroscopy (XPS) spectra were collected by a Thermo
Fisher Scientific XPS spectrometer, equipped with standard Al K excitation
source (1486.6 eV). Gold complex standards (ClAuIPPh3, NaAuIIICl4) were
sampled as powders and pressed on a double-sided adhesive carbon tape. Gold
catalyst aliquots were sampled as solution and solid (Scheme 9), dried in normal
atmosphere on a double-sided adhesive carbon tape.

Scheme 9. Sample preparation for XPS studies.

The binding energy scale was calibrated by measuring C 1s peak (BE 284.6 eV)
from the surface contamination and the accuracy of the measurement was 0.1-0.2
eV. A non-linear least square peak fitting routine was used for the analysis of XPS
spectra, separating elemental species in different oxidation states. The curve fitting
of the 4f core level spectrum was performed using two spin split Au 4f7/2 and Au
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4f5/2 components, separated by 3.67 eV, in a fixed intensity ratio (1.33). We tested
our gold standard samples (ClAuIPPh3 and NaAuIIICl4), (Table 2, entries 1-2); the
Au 4f7/2 photoelectron peak is located at a BE value at 85.7 and 87.5 eV
respectively, which is quite consistent with literature reports (Table 1).
Table 2. Relative surface distribution of gold valence change based in XPS studies.

High resolution ESI-Mass spectroscopy studies
FT-ICR-MS analyses were done in a hybrid linear ion trap (LIT) FT-ICR mass
spectrometer (LTQ-FT, Thermo Electron, Bremen, Germany) equipped with a TriVersa
NanoMate ion source (Advion BioSciences, Ithaca, NY) with an “A” electrospray chip
(nozzle inner diameter 5.5 μm) was used for mass spectral analysis. Applying 1.70 kV
with 0.1psi head pressure operated the TriVersa NanoMate in positive ion mode. MS runs
were recorded over an m/z range from 50 to 1,000 Da using optimized ion abundance
targets enabled for the selected mass range. Initially, low-resolution LIT-MS scans were
acquired for 0.50 min to track the stability of the ion spray, after which high mass
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accuracy data were collected using the FTICR- MS analyzer where MS scans were
acquired for 3 min at a target resolving power of m/Δm=200,000 at m/z=400 (10 %
valley).

Scheme 10. Sample preparations for ESI-MS.

Five “microscans” (ICR-MS transients) were accumulated before Fourier transformation
to produce each saved spectrum; thus the cycle time for each transformed, saved
spectrum was about 5 s. The LTQ-FT was tuned and calibrated according to the
manufacturer’s default standard recommendations, which typically achieved better than
0.5 ppm mass accuracy at a resolving power of 200,000 at m/z=400. FT-ICR-MS mass
spectra were centroided by Xcalibur and exported as exact mass lists into an Excel file
using QualBrowser 2.0 SR2 (all software from Thermo Electron,“Bremen” version for
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the LTQ-FT).
The mildness of ESI-MS allows direct sampling from the reaction mixture. Because
cationic gold intermediates are charged species, they are especially suited for ESI-MS
analysis. The samples were prepared (Scheme 10) for ESI-MS analysis.

Electrochemical (Voltammetry) studies
Electrochemical measurements were carried out in a 10 mL custom designed cell that
was designed by E. Bothe of the Max-Planck Institute für Bioanorganische Chemie,
Mülheim, Germany.118 The cell is equipped with quartz windows with a 0.5 cm path
length. The sample holder and cell were connected in a series to a circulating bath. To
prevent condensation of the quartz cell during low-temperature measurements, the cell
holder and the cell were placed in custom-built Plexiglas box fitted with Dynasil 4000
quartz windows (Pacific Quartz), through which nitrogen gas was purged. All
measurements were recorded in dry, freshly distilled dichloromethane containing 0.1M
tetrabutylammonium hexafluorophosphate (TBAHFP) as a supporting electrolyte. A
platinum electrode-working electrode (area=0.071 cm2) was used for cyclic voltammetry
methods. In all cases, a Pt counterelectrode and an Ag/AgCl reference electrode was used.
All data is scaled to ferrocenium/ferrocene. Cyclic voltammetry (CV) experiments were
conducted on samples at room temperature with an analyte concentration of 2 mM. For
each scan rate, a background voltammogram was collected on the solvent and supporting
electrolyte prior to sample addition.
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CHAPTER 3. ENHANCED REACTIVITY IN
HOMOGENEOUS GOLD CATALYSIS
THROUGH HYDROGEN BONDING
3.1 Background
It is well established that most gold-catalyzed reactions go through two major
stages (Scheme 11).28 In stage 1 (from L-Au+ to C) a nucleophile attacks a gold
alkyne/alkene 2-complex B to generate a charged gold intermediate C. In stage 2,
C is converted to product with concomitant regeneration of the cationic gold
species via protodeauration (protodeauration means addition of proton to the place
from where the removal of gold catalyst take place to regenerate cationic gold).119
If C contains a relatively basic heteroatom (e.g. nitrogen) it may be reluctant to
relinquish its proton.
A positively charged intermediate C is aversed to undergo protodeauration because
its positive charge is a deterrent for an incoming proton. Indeed, many charged
vinyl gold species have been isolated (e.g. Au-2) because they have shown high
resistance towards protodeauration.120-122 The turnover limiting stage for many
gold catalyzed reactions actually occurs in the protodeauration stage (stage 2).29 In
this chapter, we investigated a new strategy to enhance the efficacy of gold
catalyzed reactions through hydrogen-bonding assisted protodeauration, using
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additives chosen by their pKBHX (hydrogen-bond basicity)123 rather than by their
pKa.
R1

H

Nu

L Au

R2

R2

R1
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L Au S
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(regeneration of
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stage 2

hydrogen bonding
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S

L-Au

R2

R1
B

L
Au

HNu
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S = hydrogen
bond acceptor

NuH

R2
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Scheme 11. Stages in the gold catalytic cycle.

The hydrogen bond is one of the fundamental noncovalent interactions between a
drug molecule and its local environment in biological system. Despite its
importance, scientists in the medicinal chemistry community have a poor
understanding of the relative basicity (i.e., strength) of hydrogen-bond acceptors.
In 2009, Laurence and co-workers reported a comprehensive database of
hydrogen-bond basicity (measured by pKBHX).123

Scheme 12. Determination of hydrogen-bond basicity (pKBHX).
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The hydrogen bond is an attractive interaction between a hydrogen-bond donor
(HBD; Lewis acid) XH and a hydrogen-bond acceptor (HBA; Lewis base).
Comparative measures of pKBHX are provided by the equilibrium constants K for
[1:1 hydrogen-bonded complex] formation for a series of (HBAs) with a common
reference (HBD). Laurence chose 4-fluorophenol as a common reference (HBA;
Lewis acid) to obtain pKBHX of different compounds. Thus, the hydrogen-bond
basicity of a series of bases B is measured by the 1:1 complexation constant K of
the equilibrium given in Scheme 12. The normal range of pKBHX is from 1 – 5, a
larger value indicates higher hydrogen-bond strength.
Addition of a relatively strong base has a deleterious effect in the protodeauration
of C (Scheme 11). Although a base will remove the proton in C, it will also
quench any acid in the system and by doing so it will inhibit protodeauration.
We asked ourselves if a hydrogen bond acceptor with low basicity could be a
better alternative (S in Scheme 11). The nonbonding orbital of S will partially
transfer its charge to the antibonding * orbital of C.124,125 This effect will reduce
the positive charge on C and cause the hydrogen bond acceptor to function as a
proton shuttle, thus facilitating protodeauration. This concept is similar to general
base catalysis,126,127 with S acting as a general base. General base catalysis is a
common occurrence in biological systems where strong bases are not tolerated and
where deprotonation or proton transfer is mediated by weak bases through
hydrogen-bonding interaction.128-130
In gold catalysis, the role of a hydrogen bond acceptor (S in Scheme 11) is more
complex than that of a general base. Because S is aurophilic to some extent, it
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competes with an alkyne/alkene starting material in their complexation with
cationic gold (Scheme 11). Hence, with regards to stage 1, S could be considered a
reversible inhibitor. Only if the acceleration effect of S outweighs its inhibitory
effect, the effect of S in the overall reaction will be positive. Thus, S will be useful
in gold catalysis only when protodeauration is the rate-determining step.

3.2 Results and discussion
To implement our proposed tactic we screened a diverse group of additives using a
well-studied gold catalyzed reaction in which stage 2 (protodeauration) is known
to be the slow step.29 The reaction we chose was the gold-catalyzed cyclization of
propargyl amide 3-1 to oxazole 3-2108,109,131,132 because its key vinyl gold
intermediate (Au-1, L = IPr) had been identified by the Hashmi group in the case
of gold(I),132,133 and by Ahn120 in the case of gold(III) (Au-2) (Figure 13). Based
on those studies, we proposed that intermediate Au-3 is equivalent to C in Scheme
11. We measured the initial reaction rate in the absence of an additive (v0), and the
initial reaction rate (v) in the presence of various additives, and then calculated the
ratio v/v0 for each additive. The data shown in Figure 13 indicated that basic
additives completely inhibited the reaction [e.g. A1 (Et3N, pKaH = 9.0), A2
(imidazole, pKaH = 7.1)]. These results are not surprising because stronger bases
ought to inhibit the protodeauration step (stage 2 in Figure 13). Additives that were
less basic than collidine (A3) did not inhibit the reaction, but most of them (e.g.
A4-A8: alkene, phenol, sulfide, indole and acetyl imidazole) had no effect on the
kinetics of the reaction (v/v0 = 1). We were pleased though when N-heterocycles,
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such as benzotriazole (A16, v/v0 = 32), indazole (A11, v/v0 = 10.3), and
quinazoline (A14, v/v0 = 5.1) showed dramatic acceleration effects and were
astounded when pyridine N-oxide (A18) increased the reaction rate 168 times.

Figure 13. Survey of additive effects in the cyclization of 3-1.

The only way that benzotriazole (A16), a good hydrogen bond acceptor, could
have accelerated the protodeauration of Au-3 is through hydrogen bonding.
We tried to verify our hypothesis in Scheme 11 more directly (Figure 14). To be
confident that we had generated the protonated vinyl gold complex Au-3, we
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employed two different experimental conditions (Figure 14). In the first one, we
mixed propargyl amide 3-1 with excess amounts of Ph3PAu+OTf - ; the purpose of
the later was to consume all the starting material 3-1, so there could be no proton
acceptor left in the system (Figure 14b). For the second condition, we mixed
propargyl amide 3-1 with catalytic amounts of Ph3PAu+OTf

-

and a strong acid,

TfOH; the purpose of the strong acid was to make sure that the all the vinyl gold
complex was protonated (Figure 14c). When monitored by
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P NMR, both

conditions ended up generating a single new peak at around 45 ppm (Figure 14b
and Figure 14c).

Figure 14. 31P NMR study of protodeauration: a) Ph3PAu+OTf- in CDCl3; b) 5 min after
mixing of Ph3PAu+OTf- (2 equiv) with 3-1; c) 5 min after mixing of Ph3PAu+OTf- (0.05 equiv)
with 3-1; d) 30 min after addition of benzotriazole (2 equiv towards gold) to b; e) 30 min after
addition of benzotriazole (2 equiv towards gold) to c.

Because Hashmi and coworkers had isolated and identified the vinyl gold complex
Au-1 (L = IPr) in the presence of base (Et3N)132 and Ahn had identified the
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corresponding vinyl gold (III) complex Au-2,120 we thought reasonable to assign
the new peak the structure Au-3 (L = Ph3P). Its characteristic vinyl proton at 5.2
ppm in 1H-NMR confirmed this assignment.134 Au-3 is relatively stable in the two
systems; both signal intensities didn’t show significant change after 30 min. This
behavior indicated that their protodeauration was a relatively slow process and
allowed us the possibility of testing the effect of an additive on the protodeauration
of Au-3. Thus, we added 2 equiv (vs. gold) of the additive benzotriazole to both
systems, and after 30 min, the signals corresponding to Au-3 had disappeared and
were replaced by a new one that corresponded to a cationic gold benzotriazole
complex (Figure 14d and Figure 14e).135 In both cases, the starting material 3-1
converted to the expected product 3-2 after the additive was added, as indicated by
its 1H-NMR spectrum (quantitative yield). These experiments clearly indicated that
the additive (benzotriazole) indeed accelerated the protodeauration of protonated
vinyl gold complex Au-3. The pKaH of a protonated vinyl gold intermediate (Au-3)
should be around 4.4 (based on the pKaH of 2-phenyl-oxazoline), but our most
effective additives, pyridine N-oxide (pKaH = 0.8) and benzotriazole (pKaH < 0),
both have much lower pKaH. In other words, they are not basic enough to abstract
the proton from a vinyl gold complex Au-3. But the hydrogen bond interaction
between Au-3 and additive will reduce the positive charge on Au-3 and the
hydrogen bond acceptor can act as proton shuttle and therefore facilitate
protodeauration. This assumption is consistent with recent quantum mechanics
calculations and experimental studies from various research groups. For example,
Hashmi and co-workers proposed that in the hydration of alkynes, a cluster of
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water molecules might act as proton shuttle to facilitate the protodeauration of a
protonated vinyl gold intermediate.130,136,137 Of course, in all these calculations, the
assistance comes from the nucleophile, say, water or phenol; what we are
proposing here is that a skillfully chosen additive may have a much greater
influence.
Indeed, A16 cannot accelerate the protodeauration of a neutral vinyl gold complex
(Figure 15). According to Figure 13, an additive will act as a reversible inhibitor to
slow down stage 1.
L Au

H
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H
n-C6H13

O

O

CDCl3, rt
conc.(6.25 mM)
additive (Add) (2 equiv)

H
n-C6H13 O

O

+

[Add-Au-L]+TFAL = Ph3P

3-15

100%
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80

conversion / %

PPh3
Et4NCl
50

benzotriazole

20

benzotriazole(10 equiv)
0

0.0

0.5

1.0

1.5

2.0

time / hour

Figure 15. Additive effects on the protodeauration of Au-4

On the other hand, the cationic gold will coordinate with an additive to form a
dynamic equilibrium, which will stabilize it against decay (stage 3). This was
confirmed by our model reaction (Figure 15). Thus, the only reasonable
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explanation is that the additive can accelerate stage 2 (protodeauration119,138).
Because additives with gold affinity will naturally have a tendency to complex
with cationic gold, an acceleration effect on the kinetics of protodeauration may be
possible because these additives would rather form a more stable cationic gold
additive complex after protodeauration (e.g., [Add-Au-L]+ in ). We selected
protodeauration of Au-4 as our model system because of our familiarity with this
complex139 and because its reaction with acid gives a clean protodeauration
product.29 We tested a number of additives, but all of them showed either similar
or slower kinetic profile than the control. Even additives that are well known for
their high affinity to cationic gold (e.g., Ph3P, chloride) did not accelerate the
protodeauration step. And when an excess amount (vs. acid) of an additive (e.g.,
benzotriazole) was used, the reaction was inhibited. This phenomenon can be
rationalized by the competition of the additive for the proton (acid) in the reaction
medium. These experimental results indicate that an additive may not be able to
assist the protodeauration of neutral vinyl gold complexes based only on its
affinity to cationic gold.
Although it is commonly assumed that the relative hydrogen-bond strength of an
organic compound bears a simple correlation with its basicity (pKaH), this
assumption holds true only for structurally related compounds in a series.124,125 As
shown in Figure 16, the lack of a discernible pattern in the graph of ln(v/v0) (from
our survey in Figure 13) vs. pKaH underscores the fact that the pKaH of additives is
not a good forecast of their usefulness.
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Figure 16. The activity of additives [measured by ln(v/v0)] vs. their basicity (pKaH).

Scheme 13 is showing how additives related to pKBHX in gold-catalyzed
cyclization of propargyl amide. In our case, charged vinyl gold complex acts as
HBD (Lewis acid) and an additive acts as HBA (Lewis base). Using Laurence’s
data we were able to establish a quantitative correlation between the efficiency of
an additive and its hydrogen-bond basicity (Figure 17).

Scheme 13. Hydrogen-bonding in our reaction system (cyclization of propargyl amide).

The correlation in Figure 17 not only offers strong experimental support for the
role of hydrogen bonding but it also serves as a practical guide for the selection of
additives. Using Laurence’s database as guide we selected other compounds that
were good hydrogen bond acceptors (pKBHX > 2.6) and had low basicity (pKaH < 4),
and found new hits such as DMPU, HMPA, and trimethylphosphine oxide
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(v/v0 = 18.7, 23.9, 30.2 respectively). All these were excellent accelerators for the
cyclization of 3-1 even though their structures were quite different.

Figure 17. The activity of additives [measured by ln(v/v0)] vs. their hydrogen-bond basicity
(measured by pKBHX).140

We also screened ionic additives (A19-A26) with different basicities and found
that they too enhanced the kinetics of the reaction although their effects were
moderate (Figure 13). Many ionic salts are also good hydrogen bonding
acceptors123 but because no comprehensive pKBHX data for ionic compounds is
available, we could not correlate the reactivity of ionic additives with their pKBHX.
To increase our understanding of hydrogen bond effects we explored other gold
catalyzed reactions (Scheme 14). First we investigated the intermolecular
hydroamination of alkynes.29 As shown in Scheme 14a, a kinetic enhancement was
observed in the presence of additives that had proven effective in the cyclization of
3-1 (e.g. pyridine N-oxide, benzotriazole), but the enhancement was less dramatic.
We attributed this result to the fact that the starting material (amine) in the
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hydroamination is in itself a relatively good proton acceptor and also a good
hydrogen bond acceptor. We also investigated the intermolecular addition of
methanol to alkyne (Scheme 14b). We found that hydrogen bond acceptors with
relatively high gold affinity (pyridine N-oxide, benzotriazole) inhibited or slowed
down the reaction.

Scheme 14. Additive effects on various gold catalyzed reactions (S = hydrogen bond acceptor).

This result was not surprising because stage 1 is the slow or rate-determining step
in this intermolecular reaction in which the nucleophile (MeOH) is weak compared
to an amine. As expected, hydrogen bond acceptors with lower gold affinity (e.g.,
DMPU, DMF)

141-148

enhanced the rate of reaction (Scheme 14b), and ionic

hydrogen bond acceptors (e.g., Bu4N+OTf -) performed significantly better,
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possibly because of their even lower affinity towards cationic gold. Although the
pKBHX of Bu4N+OTf - was not reported in Laurence’s database, the pKBHX values
of related salts, such as Bu4N+X- (X = Cl, I) had been tabulated (pKBHX = 2.8 and
4.2 respectively).123 These values demonstrated their good hydrogen-bond acceptor
properties. Given its similarities with Bu4N+X-, Bu4N+OTf - should also be a good
hydrogen bond acceptor, but the latter has the added advantage of its low basicity
and low affinity towards gold. We found that Bu4N+OTf

-

enhanced the reaction

rates of other reactions like cycloisomerization of allenone 3-11,149,150 cyclization
of 4-pentynoic acid 3-9,151 and synthesis of -pyrone152 (Scheme 14c-e)
substantially. In those reactions, neutral hydrogen bond acceptors were less
effective, most likely because of their relatively high affinity towards cationic gold.
Other research groups reported that certain compounds improved the chemical
yields in selected gold catalyzed reactions.153,154 One notable example is the
Ph3PAu+OTf - benzotriazole complex reported by Shi and coworkers;135,155-158 this
complex performed better than Ph3PAu+OTf - in a number of transformations, such
as the Hashmi phenol synthesis or the rearrangement of propargyl esters. Our
hydrogen bonding argument not only accounts for the Ph3PAu+OTf - benzotriazole
complex success but also offers a guide for the selection of other suitable hydrogen
bond acceptors.

3.3 Summary
In summary, the turnover limiting stage for many gold catalyzed reactions actually
occurs in the protodeauration stage. The easiness of the protodeauration stage
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depends on the stability of charged vinyl Au species in gold catalysis. Sometimes
these compleses are so stable that they can be isolated and characterized by X-ray
crystallography. The stability of a charged vinyl Au species limits the turnover
number in catalysis because that makes protodeauration stage difficult to happen
(positive charge is a deterrent for an incoming proton).
Our experimental studies support that although a strong base will remove the
proton in C, it will also quench any acid in the system and by doing so it will
inhibit protodeauration. Later on, we observed that additives having high hydrogen
bond acceptor capability with low basicity toward cationic gold could be better
alternatives as compared to strong bases. We observed that an ideal hydrogen bond
acceptor additive should have: (i) high hydrogen bonding basicity (pKBHX), (ii) low
basicity (pKa), and (iii) low affinity towards cationic gold. Additives with high
hydrogen bonding basicity often show high affinity towards cationic gold.

In

general, if stage 1 of a given reaction is very fast (as in the cyclization of 3-1), a
good hydrogen bond acceptor with relatively high gold affinity (e.g.,
benzotriazole) will be useful because, even if it does slow down stage 1, its ability
to speed up stage 2 will cause the overall reaction to be faster (because stage 1 is
faster than stage 2). But if stage 1 in the target reaction is relatively slow, then the
additive’s high affinity towards cationic gold may slow down or inhibit the
reaction. In this case, a hydrogen bond acceptor with a relatively low affinity
towards cationic gold (e.g., DMPU, Bu4N+OTf -) will be useful. Hence, the overall
effectiveness of a hydrogen bond acceptor will depend on the balance between the
two effects. All additives used in the study are commercially available compounds,
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a clear advantage to synthetic chemists. In conclusion, we investigated a new
strategy to enhance the efficacy of gold catalyzed reactions through hydrogenbonding assisted protodeauration, using additives chosen by their pKBHX
(hydrogen-bond basicity) rather than by their pKa. In the future, we would like to
explore the application of the hydrogen bond basicity concept to other metal
catalysis and organocatalysis. The work described in this chapter was published in
Org. Lett. 2014, 16, 636-639.

3.4 Experimental
General
1

H, 13C and 31P NMR spectra were recorded at 400, 100 and 162 MHz respectively,

using CDCl3 as a solvent. The chemical shifts are reported in  (ppm) values
relative to CHCl3 ( 7.26 ppm for 1H NMR and  77.0 ppm for
CFCl3 ( 0 ppm for

19

13

C NMR) and

F NMR), multiplicities are indicated by s (singlet), d

(doublet), t (triplet), q (quartet), p (pentet), h (hextet), m (multiplet) and br (broad).
Coupling constants, J, are reported in Hertz. Coupling constants are reported in
hertz (Hz). All air and/or moisture sensitive reactions were carried out under argon
atmosphere. Solvents (tetrahydrofuran, ether, dichloromethane and DMF) were
chemically dried using a commercial solvent purification system. All other
reagents and solvents were employed without further purification. The products
were purified using a CombiFlash system or a regular glass column. TLC was
developed on Merck silica gel 60 F254 aluminum sheets. All the commercial
phosphine ligands were purchased from Aldrich or Strem.
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General procedure for kinetic experiments using in situ NMR
spectroscopy
Standard stock solutions of catalyst were made by weighing the L-Au(I)Cl
complex into a vial and adding corresponding deuterated solvent, then 1.2 equiv of
AgIOTf was added, the vial was sonicated for 3-5 min at room temperature, then
the vial was centrifuged and filtered through a pad of Celite 545. The model
reaction was conducted in a NMR tube equipped with a screw cap and septum. All
reactions were monitored using a Varian 400MHz NMR Spectrometer with the
capacity to adjust the probe temperature and with robotic sample changer.
When
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P NMR was used to monitor the progress of reaction, 85% H3PO4 (sealed

in a capillary tube) was used as external standard for NMR integration. When 1H
NMR was used to monitor the progress of a reaction, a solution of
tetramethylsilane in CDCl3 (sealed in a capillary tube) was used as external
standard for NMR integration. In some cases, 1,3,5-tri-tert-butylbenzene (internal
standard) was used. The reactions were monitored by single pulse 1H NMR. The
concentrations of substrate and product were determined by relative integration to
the t-butyl peak in the standard (tetramethylsilane or 1,3,5-tri-tert-butylbenzene).

General synthesis of starting materials.
Gold complexes. All gold complexes (L-AuCl) were synthesized using a slightly
modified version of a literature method.116 These complexes were prepared via the
following general procedure: Sodium tetrachloroaurate(III) dihydrate (1 mmol)
was dissolved in water, and the orange solution was cooled in ice. To this solution,
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2,2’-thiodiethanol (3 mmol) was slowly added (ca. 45 min) with stirring. A
solution of the phosphine ligand (1 mmol) in EtOH (if the ligand could not be
dissolved, more EtOH was used) was added dropwise to yield a white solid. The
solid was filtered off, washed with water and then EtOH, and dried in vacuum.
Compound 3-1 was synthesized using literature methods

108,109,131,132

and 1H-NMR

of obtained product 3-2 is consistent with literature reports.108,109,131,132 Compound
3-11 was synthesized using literature method

149,150,159

and 1H-NMR of obtained

product 3-12 is consistent with literature reports.149,150,159 Compound 3-13 was
synthesized using literature method152 and 1H-NMR of obtained product 3-14 is
consistent with literature reports.152

1

H-NMR of obtained product 3-10 is

consistent with literature report.151
All other starting materials are commercial available from Aldrich, Alfa Aecar and
Acros.

Determination of the initial reaction rate for the cyclization of
propargyl amide 3-1.
Determination of the initial reaction rate for the cyclization of propargyl amide 3-1
without additive: following the general procedure for kinetic experiments using in
situ NMR spectroscopy, 0.15 mL of a standard cationic gold solution in CDCl3
(0.01 M) and 0.35 mL CDCl3 were introduced into a NMR tube, and then
compound 3-1 (16 mg, 0.1 mmol) and the internal standard were introduced in its
solid state. The reaction was kept at room temperature and was monitored for
conversion up to 25% by single pulse 1H NMR. A representative plot of [3-2]
(mol/L) versus time (h) is shown in Figure 18. Because at the initial period of
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Figure 18. Determination of the initial reaction rate for the cyclization of propargyl amide 3-1.
Table 3. Initial reaction rate for the cyclization of propargyl amide 3-1 in the presence of
additives.

O

1.5% PPh3Au+OTf-

N
Ph
CDCl3 (0.2 mol/L), rt
H
additive (15%)
3-1
additive

pKHBX

v (mol/L/h)

O
Ph

N
3-2
v (mol/L/h)

v (mol/L/h)

trial 1

trial 2

trial 3

v/v0
average

ln(v/v0)
average

standard
deviation

triazole

2.29

0.749

0.588

0.634

32.2

3.48

0.11

phthalimide

1.81

0.075

0.069

0.082

3.7

1.32

0.09

quinazoline

1.89

0.094

0.110

0.108

5.1

1.64

0.10

quinoxaline

1.3

0.052

0.064

0.050

2.7

1.00

0.14

2‐hydroquinoline

1.89

0.126

0.186

0.187

8.1

2.09

0.24

pyridine oxide

2.72

3.867

3.800

2.600

167.8

5.12

0.22

reaction, the kinetic curve appeared to be linear, we used linear least squares to fit
the data to determine the slope (reaction rate vo). Determination of v in the
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presence of an additive was conducted in a similar manner as above, except that
the additive (15 mol%) was introduced into the NMR tube before the introduction
of the starting material 3-1 and the standard (Table 3).
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CHAPTER 4. CATIONIC GOLD CATALYST
POISONING AND RE-ACTIVATION
4.1 Background
In kinetic studies of catalyzed reactions it is customary to study the relationship
between the rate of reaction and the concentration of catalyst to learn more about
the mechanism of the reaction. Although a linear correlation between the
concentration of the catalyst and the initial rate data often exists when rate is
plotted against concentration, numerous studies have shown that the regression line
does not intersect with the origin (eq 1, A≠0; also, see Figure 19). If there is no
background reaction, the rate should be zero when the catalyst concentration is
zero, so A (intercept) should be zero, but this is not the case in many reactions (A
is usually less than zero),30-32 indicating that a threshold catalyst concentration is
required. Beyond implying some sort of catalyst poisoning, literature reports have
not addressed the causes of this type of threshold. Although this phenomenon is
ubiquitous in catalysis, relatively little effort has been spent on the investigation of
this anomaly and the possible implications of this threshold phenomenon.30-32
1
During our research to improve the efficiency of gold catalysis,29,33-36 we found
this threshold phenomenon is common in gold-catalysed reactions. We studied the
correlation between rate and gold catalyst concentration in the cyclization of
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propargyl amide 4-1 (Figure 19).132,133 We found that there was a linear
relationship between the rate of reaction and the concentration of gold catalyst
with a negative intercept A (eq 1). If we extrapolate the data, the minimum gold
concentration to start the reaction will be 0.9 mM, which represents a 0.9% gold
loading. And indeed, the reaction didn’t start at all when the catalyst loading is low
(e.g. 0.3% loading). Other kinetic studies on gold catalyzed reactions showed
similar trends. For example, Toste and coworkers have reported a linear
relationship between rate and gold catalyst loading in the intermolecular
hydroamination of allene (rate = 0.0423 [Au]-0.0355).32 Their data suggested that
the minimum catalyst concentration to start the reaction was 1.2 mM (0.81%
loading).
O
Ph

N
H
4-1 (0.1 M)

N

PPh3-Au+OTf CDCl3, rt

Ph

O
4-2

Figure 19. Correlation between rate and catalyst concentration.
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We found that the threshold phenomena mentioned above is not limited to the
examples above. When we lowered the loading of the gold catalyst below a certain
level, the reaction simply would not start (rate was zero for a prolonged time). This
occurrence lowers the turnover number (TON) in gold catalysis, and could be one
of the main reasons why the TON in gold catalyzed reactions is generally low (1%
or higher loading is usually required).

4.2 Results and discussion
A simple explanation for this threshold phenomenon is the poisoning of active
catalyst. Impurities such as halides and basic alkali components are well known to
contribute to catalyst poisoning in heterogeneous catalysis,160-162 but there are
comparatively few studies on deactivation of homogeneous catalysts.163 Cationic
gold catalyst is sought after because of its high tolerance towards moisture and
oxygen (which means we can run reactions without special protection in most
cases), but cationic gold has shown a very high affinity towards halides and basic
components (e.g. OH-).147 A recent study by Maier and coworkers indicates that
OH- or Cl- has approximately 106 times higher affinity towards cationic gold
compared to an alkyne.147
Au+ X-

L

halides or
bases impurities
(P)
L

Au+
X-

Alkyne/alkene
/allene (S)

L

Au+

catalyst
poisoning
P

S
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X-
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S
A+
Au+

P

catalyst
re-activation

X-

Scheme 15. Poisoning and re-activation of cationic gold catalyst.
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This means that just trace amounts of these catalyst poisons like halides and basic
components, present in the solvent or starting material, are enough to block the
active site of the gold catalyst (Scheme 15) and may completely inhibit the
reaction when relatively relative low gold catalyst loading is used. Of course, use
of highly purified starting materials and solvents may solve this problem, but we
would need time-consuming purification processes, and, often, it is not possible to
remove all relevant impurities even after stringent purification protocols. Use of
highly purified starting materials and solvents is especially impractical in larger
scale synthesis. We propose here that it is not necessary to eradicate all the traces
of possible catalyst poisons; instead, the problem can be solved by directly adding
a suitable acid activator to the reaction (A+ in Scheme 15). Acid activators that
have high affinity towards P (catalyst poison) may re-activate the gold catalyst
(Scheme 15). In other words, an acid activator (A+) acts as a sacrificial reagent to
bind to possible catalyst poisons, so that the cationic gold is free to catalyze the
reaction. Indeed, Nolan and coworkers had used Brønsted acids like HOTf to
activate NHC-Au-OH complexes.164,165
We began our studies with the intramolecular hydroarylation of an alkyne166
(Figure 20). We chose this reaction because direct transformations of aromatic CH bonds represent a thriving ﬁeld in organic chemistry, because it promotes
efﬁcient, atom economical construction of organic building blocks. We observed
that when this reaction was carried at a higher gold catalyst loading (2% vs starting
material), the reaction took place smoothly in CDCl3 (CDCl3 was used as received).
But as we dropped down the catalyst loading to 0.2%, surprisingly, the reaction
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didn’t proceed at all (Figure 20). On the other hand, the reaction proceeded well at
0.2% loading using purified CDCl3 as solvent (K2CO3-treated and freshly distilled).
This result suggests that non-distilled CDCl3 have certain impurities (most likely
chlorine/chloride containing compounds)167 that inhibit gold catalyst activity.
To make the influence of impurity in solvents more significant, we repeated the
same reaction at a more diluted condition (changing [4-3] from 0.1 M to 0.02 M,
keeping gold loading at 0.2%); the reaction still did not progress, even in freshly
distilled CDCl3. The reaction performed better in CD2Cl2 (probably because there
are less halide impurities) at 0.1 M, but when the concentration was decreased to
0.02 M, the reaction became sluggish. Catalyst poisons that either could not be
completely removed by simple distillation, or were present in the starting material
4-3 itself may have caused this change of behavior.
O
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O
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rt, CDCl3 O
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100

L = JohnPhos

4-4
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Figure 20. Influence of acid activators in alkyne hydroarylation reaction.
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Next, we inspected the effect of common Brønsted acids or Lewis acids in the reactivation of the gold catalyst (Figure 20). We found that AgOTf and TfOH
worked very well. Other Lewis acids like Ga(OTf)3, Eu(OTf)3, Y(OTf)3, Sn(OTf)2,
Zn(OTf)2, (CuOTf)2.C6H6 did not show any activity in the re-activation of the gold
catalyst. Moreover, we observed that the reaction didn’t occur in the presence of
Lewis acid or Brønsted acid alone, without gold catalyst, under, otherwise, the
same conditions.
We next examined an ester assisted hydration reaction (Figure 21).168,169 We chose
this reaction because it is a straightforward and atom-economical approach to the
formation of carbonyl derivatives through alkyne hydration; it is not only
environmentally benign, but also cost-effective.
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Figure 21. Influence of acid activators in hydration reaction of 4-5.
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Again, the reaction proceeded well at 1% gold loading, but when the gold loading
was reduced to 0.5%, the reaction did not proceed at all. Use of freshly distilled
solvent (acetone) gave better results, but the reaction still did not ensue when the
reaction was conducted at more diluted conditions. However, various acid
activators re-started the reaction, among them, Ga(OTf)3 provided the best result
(Figure 21).
In the cycloisomerization of enyne (Figure 22),170-172 we observed a similar effect
as in previous reactions. We chose this reaction because cycloisomerizations of
enynes have emerged as attractive tools for the synthesis of various types of cyclic
compounds in an easy one-pot process in which a wide range of transition metal
complexes can be used, either in a catalytic or stoichiometric manner.
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Figure 22. Influence of acid activators in cycloisomerization reaction.
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4

Cycloisomerization of 4-7 took place very smoothly at 0.6% catalyst loading, but it
became much slower at 0.2% gold catalyst loading, and its rate decreased to zero
when catalyst loading was reduced to 0.02%. A Lewis acid activator, In(OTf)3
caused the reaction to be completed in less than 1 h at very low gold catalyst
loading (0.02%). In(OTf)3 was very effective, but a Brønsted acid like HOTf was
only marginally effective.
Then we focused our attention to the cyclization of hexynoic acid 4-9 (Figure
23).151,173 We chose this reaction because it is a general, efficient, and convenient
cyclization of alkynes bearing carboxylic acids to the corresponding lactones.
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Figure 23. Influence of acid activators in cyclization of 4-9.
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0.8

Again, we observed that cyclization took place quickly at 1% gold catalyst loading,
but the reaction rate dropped down to zero at 0.1% gold catalyst loading. And
again, acid activators (AgOTf, In(OTf)3, TfOH) could re-activate the gold catalyst
(Figure 23).
Furan has found its widest application in the synthesis of many natural products
and gold catalysis play very important role as catalyst for the synthesis of furan. In
the cycloisomerization of allenone 4-11 (Figure 24),149,159 the reaction with 0.2%
gold catalyst loading was very fast. However, the same reaction with 0.04%
catalyst loading was very sluggish.
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Figure 24. Influence of acid activators in cycloisomerization of 4-11.
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yield
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0.04% [Au] + 0.6% AgOTf

100

conversion / %

Ph

[Au]

Activators like AgOTf and In(OTf)3 sped up the rate of reaction significantly; in
contrast, TfOH and Ga(OTf)3 did not have much effect on the reaction rate (Figure
24).
Contamination in solvents or starting materials is not the only source of gold
catalyst poisons. External reagents, such as drying agents (e.g. molecular sieves)
and filtration aids (e.g. Celite) are also commonly used in synthesis. They may also
contain possible gold catalyst poisons (P) like halides and alkali bases. For
example, a commonly used filtration aid, Celite 545, is prepared from
diatomaceous earth treated with a base - sodium carbonate (flux calcined). Indeed,
the hydration of 4-5 proceeded well with untreated gold catalyst (2%) loading
(Table 4, entry 1) but when the gold catalyst (a solution in acetone) was pre-treated
with molecular sieves 4Å, or filtered through Celite 545, the reaction did not
proceed with the same catalyst loading (Table 4, entries 2, 3).
Table 4. Influence of molecular sieves and filtration agent.
OAc

OAc

PPh3-Au+OTf d6-acetone/H2O, rt

4-5 (0.1 M)

4-6

O

entry

[Au]

cat. pre-treatment

time

yield

1

2%

none

3h

99%

2

2%

filteration through Celite 545

3h

0%

3

2%

dried over MS 4A

3h

0%

4a

0.2%

Ga(OTf)3 0.6% added

3h

25%

5a

0.2%

Ga(OTf)3 0.6% added

12 h

89%

a

catalyst from entry 3 was used.

65

The inactive gold catalyst from entries 2 or 3 could be re-activated by the addition
of an acid activator Ga(OTf)3 (Table 4, entries 4-5). These results are consistent
with literature reports: Yu and coworkers reported that treatment of Ph3PAu+OTf

-

with molecular sieves led to the formation of much less reactive trigold oxonium
complex [((Ph3P)Au)3O]+OTf

-

due to the presence of mild bases in molecular

sieves.174 The loss of reactivity of the gold catalyst by Celite filtration is also
consistent with a previous report by Shi and coworkers.169
We propose that the possible gold catalyst poisons are the halides, bases or other
high gold affinity impurities. A direct proof would be isolation and identification
of these impurities, and then investigation of these impurities on the reactivity. It is
difficult to do this at this time because routine analytic tools commonly used in
organic synthesis (NMR, GC-MS, HPLC-MS) are not effective. In order to give an
indirect proof, we investigated the effect of halide and bases on the reactivity and
ability of acidic promoters to restore the reactivity (Table 5).
Table 5. Influence of halide and base on hydration of 4-5.
OAc

OAc

PPh3-Au-OTf (1%)
acetone-d6/H2O, rt

4-5 (0.1 M)

4-6

O

entry
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time

yield

1

none

4h

99%

2

Bu4N+OH- (1%)

24 h

2%

3

Bu4N+Cl- (1%)

24 h

8%

4

Ga(OTf)3 (2%) added to entry 2

2h

99%

5

Ga(OTf)3 (2%) added to entry 3

2h

99%
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We still used hydration of 4-5 as our model reaction. Indeed, bases and halides like
Bu4N+Cl- and Bu4N+OH- effectively inhibited the reaction (Table 5, entries 2 and
3). Similarly as Table 4, Ga(OTf)3 effectively restored the reactivity (Table 5,
entries 4 and 5).
It should be noted that the acid activators not only can re-activate the poisoned
gold catalyst, but they can also positively influence the later stage in the gold
catalytic cycle (e.g., protodeauration), acting as co-catalysts to speed-up the
reactions.175

4.3 Summary
In summary, the threshold phenomenon is ubiquitous in gold catalysis; relatively
little effort has been spent on the investigation of this anomaly and the possible
implications of this threshold phenomenon. Threshold phenomenon means that a
minimum concentration of catalyst is required to start the reaction. This occurrence
lowers the turnover number (TON) in gold catalysis, and could be one of the main
reasons why the TON in gold catalyzed reactions is generally low (1% or higher
loading is usually required). A simple explanation for this threshold phenomenon
is the poisoning of active catalyst due to the presence of impurities such as halides
(Cl-) and basic alkali components (OH-) in solvent and starting materials that block
the active site of the catalyst or inhibit the reaction if low catalyst loading was used
in the reaction. We proposed that, the problem can be solved by directly adding a
suitable acid activator to the reaction, which acts as a sacrificial reagent to bind to
possible catalyst poisons.
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Our experimental studies support that the reactions were carried smoothly at a
higher gold catalyst loading. But as we dropped down the catalyst loading,
surprisingly, the reactions did not proceed at all. This observation supports the
catalyst poisoning that we described in the introduction. Later on, we observed that
the common Brønsted acids or Lewis acids are helping in the re-activation of the
gold catalyst even at low catalyst loading, which support the fact that acid
activators reactivate the poisioned gold catalyst. Moreover, we also observed that
contamination in solvents or starting materials is not the only source of gold
catalyst poisons, but external reagents, such as drying agents (e.g. molecular
sieves) and filtration aids (e.g. Celite) are also a source of poison in catalysis as
described in the introduction. Furthermore, we observed that addition of impurities
such as Cl- & OH- in the reaction system poisoned the gold catalyst, but as we
added an acid activator to the poisoned system, it re-activated the gold catalyst and
completed the reaction very easily. In conclusion, high gold affinity impurities
(halides, bases) in solvents, starting materials, filtration or drying agents could
affect the reactivity of gold catalysts adversely, which may significantly reduce the
TON of cationic gold catalyzed reactions. The use of a suitable acid activator (e.g.
HOTf, In(OTf)3) re-activates the gold catalyst and contributes to making the
reaction proceed smoothly at low gold catalyst loading. A similar protocol could
benefit other cationic metal catalysis. In future, we would like to investigate
whether acid activators only serve to re-activate a poisoned catalyst, or if they also
can act as a cocatalyst in gold-catalyzed reactions. The work described in this
chapter was accepted in Org. Lett. 2014, 16, 3452-3455.
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4.4 Experimental
General
1

H,

13

C, and

31

P NMR spectra were recorded with Varian spectrometers at 400,

100, 160MHz respectively, using CDCl3, dacetone as a solvent. The chemical shifts
are reported in  (ppm) values relative to CDCl3 ( 7.26 ppm for 1H NMR and (
77.0 ppm for

13

C NMR), relative to dacetone ( 2.05 for 1H NMR), multiplicities

are indicated by s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br
(broad). Coupling constants (J) are reported in Hertz. All deuterated solvents used
in the reactions were used as received. All simple solvents (e.g. dichloromethane)
were chemically dried using a commercial solvent purification system. All other
reagents and solvents were employed without further purification. TLC was
developed on Merck silica gel 60 F254 aluminum sheets. All the commercial
reagents, and solvents were purchased from Aldrich or Strem or Fisher, and used
without purification except cyclohexene (cyclohexene was redistilled). FT-ICRMS - Fourier Transform-Ion Cyclotron Resonance-Mass Spectrometer was used
for high resolution ESI-MS spectroscopy.

Monitoring the reaction using in situ NMR spectroscopy
When 1H NMR was used to monitor the progress of a reaction, a solution of
tetramethylsilane in CDCl3 (sealed in a capillary tube) was used as an external
standard for NMR integration. In some cases, 1,3,5-tri-tert-butylbenzene (internal
standard) was used. The reactions were monitored with 1H NMR (single pulse or 1
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scan for fast reactions, 8 scans for slow reactions). Some NMR measurements
were conducted using a NMR experiment array (a series of spectra measured at
predetermined time intervals over a period of time by adjusting the pre-acquisition
delay). NMR experiment array gives better precision for both concentration (via
integration) and reaction time, because each measurement is conducted at almost
identical shimming and temperature conditions.

General procedure for preparation of starting materials
Synthesis of gold complexes (L-AuCl).
All gold complexes (L-AuCl) were synthesized using a slightly modified version
of a literature method.176 These complexes were prepared via either one of the
following general procedures:
Method 1: Sodium tetrachloroaurate(III) dihydrate (1 mmol) was dissolved in
water, and the orange solution was cooled in ice. To this solution, 2,2’thiodiethanol (3 mmol) was slowly added (ca. 10 min) with stirring. After stirring
at 0oC for another 30 min, a solution of the phosphine ligand (1 mmol) in EtOH (if
the ligand could not be dissolved, more EtOH was used) was added dropwise to
yield a white solid. The solid was filtered off, washed with water followed by
EtOH, and ultimately dried in vacuum.
Method 2: To a vial chloro(dimethylsulfide)gold(I) (1 mmol) was dissolved in
dichloromethane and cooled in an ice bath. A solution of the phosphine ligand (1
mmol) in dichloromethane was added dropwise, and the resulting solution was
allowed to warm to room temperature and stirred at room temperature for 3 h.
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After TLC indicated complete consumption of the starting material, the reaction
solution was concentrated to dryness under reduced pressure, and the gold
complex product was further dried under high vacuum.
Synthesis of starting materials.
Compound 4-1 was synthesized using literature methods

108,109,131,132

and 1H-NMR

of obtained product 4-2 is consistent with literature reports.108,109,131,132 Compound
4-3 was synthesized using literature methods166 and 1H-NMR of obtained product
4-4 is consistent with literature reports.166 Compound 4-5 was synthesized using
literature methods168 and 1H-NMR of obtained product 4-6 is consistent with
literature reports.168 Compound 4-7 was synthesized using literature methods170
and 1H-NMR of obtained product 4-8 is consistent with literature reports.170
Compound 4-11 was synthesized using literature method152 and 1H-NMR of
obtained product 4-12 is consistent with literature reports.152 1H-NMR of obtained
product 4-10 is consistent with literature reports.149,150,159 All other starting
materials are commercially available from Aldrich, Alfa Aecar and Acros.
Preparation of cationic gold (L-Au+OTf -) stock solution.
Standard stock solutions of cationic gold catalyst were made by weighing the LAu(I)Cl (0.1 mmol) complex into a vial and adding corresponding deuterated
solvent, then 1.2 equiv of AgIOTf (0.12 mmol) was added, the vial was sonicated
for 3-5 min at room temperature, then the vial was centrifuged and the clear
solution was transferred to a clean glass vial. The solution was kept in a freezer (20 oC) until it was used.
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Preparation of stock solutions of activator (TfOH, AgOTf, In(OTf)3, and
Ga(OTf)3).
Stock solutions of activator (0.01 M) were prepared by weighing activator (0.02
mmol) in a glass vial and dissolved it in deuterated acetone (2 mL). The solution
was kept in the freezer (-20 oC) until it was needed.

Kinetic study for cyclization of 4-1 using initial rate method
Determination of the initial reaction rate for the cyclization of propargyl amide 41: following the general procedure for kinetic experiments using in situ NMR
spectroscopy, a standard solution of Ph3PAu+OTf – (1 mM to 4 mM, per aliquot) in
CDCl3 (0.01 M) and different amount of CDCl3 were introduced into a NMR tube
at four different concentrations of standard gold solution, and then compound 4-1
(8 mg, 0.1 M) and the internal standard (1,3,5-tri-tert-butyl benzene) were
introduced in their solid state. The reaction was kept at room temperature and was
monitored for conversion up to 20% by single pulse 1H NMR. Because at the
initial period of reaction, the kinetic curve appeared to be linear, we used linear
least squares fit of the data to determine the slope (reaction rate Vo).

General procedure for the hydroarylation of alkyne (4-3)
In the absence of acid activator: To a solution of alkyne 4-3 (6.3 μL, 0.05 mmol)
in CDCl3 (0.484 mL) inside the NMR tube, the stock solution of [P(t-Bu)2obiphenyl]Au+OTf - in CDCl3 (10 μL, 0.01M, 0.2 mol%) was added to the reaction
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mixture in the NMR tube. Reaction was analyzed by 1H-NMR to monitor the
progress of the reaction.

Figure 25. NMR array of hydroarylation 4-3 in the absence of acid activator.

In the presence of acid activator: To a solution of alkyne 4-3 (6.3 μL, 0.05
mmol) in CDCl3 (0.454 mL) inside the NMR tube, the stock solution of [P(tBu)2o-biphenyl]Au+OTf

-

in CDCl3 (10 μL, 0.01M, 0.2 mol%) was added to the

reaction mixture in the NMR tube. Different activator stock solutions (30 μL,
0.01M, 0.6%) were introduced into corresponding NMR tubes. The progress of the
reaction was monitored by 1H-NMR.
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Figure 26. NMR array of hydroarylation of 4-3 in the presence of acid activators.

General procedure for the hydration of propargyl alkyne (4-5)
In the absence of acid activator: To a solution of propargyl ester 4-5 (8.71 μL,
0.05 mmol) in dacetone (0.466 mL) inside the NMR tube, the stock solution of
[P(t-Bu)2o-biphenyl]Au+OTf - in dacetone (25 μL, 0.01M, 0.5 mol%) was added to
the reaction mixture in the NMR tube. The progress of the reaction was monitored
by 1H-NMR.
In the presence of acid activator: To a solution of propargyl ester 4-5 (8.71 μL,
0.05 mmol) in dacetone (0.437 mL) inside the NMR tube. The stock solution of
[P(t-Bu)2o-biphenyl]Au+OTf - in dacetone (25 μL, 0.01M, 0.5 mol%) was added to
the reaction mixture in the NMR tube. Different activator stock solutions (30 μL,
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0.01M, 0.6 mol%) were introduced into corresponding NMR tubes. The progress
of reaction was monitored by 1H-NMR.

General procedure for the cycloisomerization of 1,6-enyne (4-7)
In the absence of activator: To a solution of 1,6-enyne 4-7 (9.8 μL, 0.05 mmol)
in CDCl3 (0.488 mL) inside the NMR tube, the stock solution of [P(t-Bu)2obiphenyl]Au+OTf - in CDCl3 (2 μL, 0.01M, 0.04 mol%) was added to the reaction
mixture in the NMR tube. The progress of the reaction was monitored by 1H-NMR.
In the presence of acid activator: To a solution of 1,6-enyne 4-7 (9.8 μL, 0.05
mmol) in CDCl3 (0.458 mL) inside the NMR tube, the stock solution of [P(tBu)2o-biphenyl]Au+OTf

-

in CDCl3 (2 μL, 0.01M, 0.04 mol%) was added to the

reaction mixture in the NMR tube. Different activator stock solutions (30 μL,
0.01M, 0.6 mol%) were introduced into corresponding NMR tubes. The progress
of the reaction was monitored by 1H-NMR.

General procedure for the cyclization of hexynoic acid (4-9)
In the absence of acid activator: To a solution of hexynoic acid 4-9 (6.25 μL,
0.05 mmol) in CDCl3 (0.489 mL) inside the NMR tube, the stock solution of [P(tBu)2o-biphenyl]Au+OTf

-

in CDCl3 (5 μL, 0.01M, 0.1 mol%) was added to the

reaction mixture in the NMR tube. The progress of the reaction was monitored by
1

H-NMR.

In the presence of acid activator: To a solution of hexynoic acid 4-9 (6.25 μL,
0.05 mmol) in CDCl3 (0.459 mL) inside the NMR tube, the stock solution of [P(t-
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Bu)2o-biphenyl]Au+OTf

-

in CDCl3 (5 μL, 0.01M, 0.04 mol%) was added to the

reaction mixture in the NMR tube. Different activator stock solutions (30 μL,
0.01M, 0.6 mol%) were introduced into corresponding NMR tubes. The progress
of the reaction was monitored by 1H-NMR.

General procedure for the cycloisomerization of allenone (4-11)
In the absence of acid activator: To a solution of allenone 4-11 (12.4 mg, 0.05
mmol) in CDCl3 (0.498 mL) inside the NMR tube, the stock solution of [P(tBu)2o-biphenyl]Au+OTf

-

in CDCl3 (2 μL, 0.01M, 0.04 mol%) was added to the

reaction mixture in the NMR tube. The progress of the reaction was monitored by
1

H-NMR.

In the presence of acid activator: To a solution of allenone 4-11 (12.4 mg, 0.05
mmol) in CDCl3 (0.468 mL) inside the NMR tube, the stock solution of [P(tBu)2o-biphenyl]Au+OTf

-

in CDCl3 (2 μL, 0.01M, 0.04 mol%) was added to the

reaction mixture in the NMR tube. Different activator stock solutions (30 μL,
0.01M, 0.6 mol%) were introduced into corresponding NMR tubes. The progress
of the reaction was monitored by 1H-NMR.
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CHAPTER 5. GOLD-CATALYZED ADDITION
OF N-HYDROXY HETEROCYCLES TO
ALKYNES AND SUBSEQUENT 3,3SIGMATROPIC REARRANGEMENT
5.1 Background
Gold catalyzed addition of O-nucleophiles to alkynes will first give synthetically
important vinyl ether products,177 but these are usually not stable enough to be
isolated by standard silica gel chromatography.177 We found that a gold catalyzed
addition of N-hydroxy heterocycles to alkynes gives an easily isolatable vinyl ether
product 5-3, and the subsequent 3,3-sigmatropic rearrangement of 5-3 (Scheme
16a) gives access to pharmaceutically important functionalized N-heterocycles.3739,42

Furthermore, reaction of 5-3 with an electrophile such as the electrophilic

fluorinating

reagent

(Selectfluor),

gives

functionalized

-fluoroketones.

Functionalized benzotriazoles are important precursors for the synthesis of
pyrimidine- or pyridine-based compounds used in the treatment of GSK3 mediated
disorders because they inhibit glycogen synthase kinase (GSK3).48 Many
functionalized

benzotriazoles

and

indoles

are

also

important

synthetic

intermediates.49,50
Gold-catalyzed oxygen transfers are synthetically useful and attract a lot of
attention.59-65,178-180 In 2009, Asensio and co-workers applied the oxygen transfer
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concept in their intermolecular gold-catalyzed sulfoxide addition to alkynes that
allowed the preparation of sulfur containing arenes (Scheme 16b).181 A similar
approach was employed by Zhang and co-workers in their synthesis of 2alkylindoles from N-arylhydroxylamines and terminal alkynes (Scheme 16c).182,183
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Scheme 16. Gold-catalyzed oxygen transfer reactions.

5.2 Results and discussions
We

selected

the

reaction

of

4-hydroxyhex-1-yne

5-1a

with

N-

hydroxybenzotriazole 5-2a as our model reaction (Table 6). To our delight, when
we treated 5-1a (1 equiv) with 5-2a (1.1 equiv) in the presence of a standard gold
catalyst, i.e., Ph3PAuCl (5%) with AgOTf (5%), we acquired a near quantitative
isolated yield of the vinyl ether 5-3aa, using DCE (dichloroethane) as solvent at
room temperature (Table 6, entry 1). Reducing the loading of gold catalyst to 1%
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did not reduce the yield, although it lengthened the reaction time (Table 6, entry 2).
When we reduced the amount of 5-2a from 1.5 equiv to 1.1 equiv, either in DCE
or acetonitrile, the reaction yields were still excellent, although, the reaction was
slower in acetonitrile (Table 6, entries 3-4). With optimized conditions in hand, we
studied the scope for synthesis of other vinyl ethers 5-3 (Table 7).
Table 6. Reaction optimization for synthesis of vinyl ether 5-3.

Terminal alkynes bearing aliphatic substituents (Table 7, entries 1, 3, 5, 7, 9)
afforded good to excellent yields of the expected products. Functional groups like
hydroxyl (Table 7, entries 1 and 7), methoxy (Table 7, entry 5) and alkenes (Table
7, entry 6) were well tolerated. In the case of aromatic alkynes, the reaction also
gave high yields (Table 7, entries 2, 4). When we reacted 1,6-heptadiyne with 2.2
equiv of 5-2a, an excellent yield of 5-3ha was obtained (Table 7, entry 8). When
substituted N-hydroxybenzotriazoles (Table 7, entries 10, 11, 12, 13) were
screened, we found that N-hydroxybenzotriazoles substituted with electron
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donating groups (Table 7, entries 12, 13) or with electron withdrawing groups
(Table 7, entries 10, 11) gave excellent yields of product 5-3. Moreover, when we
used N-hydroxy-7-azabenzotriazole, we also isolated high yields of the expected 7azabenzotriazole derivatives (Table 7, entries 14, 15, 16). We also investigated the
use of an allene as a substrate (Table 7, entry 17). In this case, when allene 5-1k
was treated with N-hydroxybenzotriazole 5-2a, we obtained 5-3qa in lower yield
(17%); the majority of unreacted allene 5-1k was recovered, indicating that an
allene is less reactive than the corresponding alkyne under these conditions.
Interestingly, 1-hydroxyindazole (5-2e),184 N-hydroxy-4-quinolone (5-2f),185 and
N-hydroxyquinazolinediones (5-2g)186 didn’t react with alkynes under the same
conditions (Table 7, entries 18, 19, 20). The reasons for this are not clear to us at
this

point.

Furthermore,

we

also

examined

few

N-oxides

such

as

benzo[c]cinnoline-N-oxide, and benzofuroxan, but they didn’t show any reactivity
with alkynes under the same conditions. Moreover, we also tested reaction of
internal alkynes such as 2-decyne, and 5-decyne with N-hydroxybenzotriazole (52a), but their reactions were very sluggish.

Figure 27. ORTEP-3 diagram of 5-3od showing 50% ellipsoids. Selected bond lengths (Å) O1N1, 1.3697(18); O1-C6, 1.418(2); C6-C7, 1.313(3); N1-N2, 1.345(2); N2-N3, 1.309(2).
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Table 7. Synthesis of vinyl ether intermediates.
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In nearly all cases, the reaction proceeds with exclusive regioselectivity. However,
reaction of propargyl alcohol 5-1g (Table 7, entry 7) also led to formation of a
minor regioisomer 5-3ga' (12% yield), possibly due to steric reasons. The structure
of 5-3od was confirmed by X-ray crystallography (Figure 27).
Next, we explored the use of vinyl ethers 5-3 as useful synthetic intermediates. We
first investigated 3,3-sigmatropic rearrangements of 5-3, which would lead to
formation of new C-C bonds affording functionalized benzotriazoles. We
investigated the effects of Lewis acids, bases, solvents, and temperature and found
dioxane/100 0C was the optimal condition for rearrangement. We found that 3,3sigmatropic rearrangement of vinyl ethers 5-3 gives the 7-substituted 1-Hbenzotriazoles 5-4 as the major product, but we also isolated the N-sustituted
ketones 5-5 as a side products. A detailed mechanism explaining formation of 5-5
is not clear yet.

Figure 28. ORTEP-3 diagram of 5-4e illustrating two unique conformers present in the
asymmetric unit shown at 50% ellipsoids. A third molecule identical to the top conformer in
the asymmetric unit has been omitted for clarity. Additionally, only H atoms attached to N
atoms are shown. Selected bond lengths (Å): O1-C8, 1.2238(19); C6-C7, 1.504(2); C7-C8,
1.516(2); N1-N2, 1.3497(17); N2-N3, 1.3130(19).
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The structure of 5-4e was confirmed unambiguously by X-ray crystallography
(Figure 28). Depending on recrystallization conditions, either tautomer of 5-4e
could be obtained. In order to determine the scope of this transformation, we
investigated several different vinyl ethers (Scheme 17) as substrates. Conversion
into the expected 7-substituted benzotriazoles 5 proceeded with moderate to good
yield (40 -75%).
R1

R

R1

O
N
N
N

R1

100 0C, dioxane
2-4 h

R
O N

NH
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5-3

OH

N

+

O N

N

NH

NH
N
5-4b, 60%
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O N
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5-4f, 41%

Scheme 17. Scope for 3,3-sigmatropic rearrangements of 5-3.

Encouraged by the utility of HOBt vinyl ethers in the synthesis of functionalised
benzotriazoles, we explored their use in the synthesis of -fluoroketones.
Fluoroketones are known to be important intermediates and targets in medicinal
chemistry.93,187-189 However their regioselective synthesis is often non-trivial; we
were pleased to discover that reaction of 5-3 with Selectfluor gave the
functionalized

fluoroketone

5-6

in

83%
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isolated

yield

and

with

high

regioselectivity (eq 1). By contrast, many similar literature fluorination methods
are known to suffer from poor regioselectivity.190

O
N
N
N
5-3ca

SelectfluorTM (3 equiv)
CH3CN
60 0C, 3-4 h

O
F

(eq 1)
5-6 (83% isolated yield)

Equation 1. Electrophilic fluorination of vinyl ether products.

5.3 Summary
In summary, gold-catalyzed addition of O-nucleophiles to alkynes will give
synthetically important vinyl ether products but these are usually not stable enough
to be isolated by standard silica gel chromatography. In our case, vinyl ether
products were very stable, easily isolated by standard silica gel chromatography.
In this chapter, we developed a high yielding gold-catalyzed synthesis of HOBt
derived vinyl ethers 5-3 from reaction of alkynes 5-1 with N-hydroxybenzotriazole
5-2a, and briefly explored their synthetic utility. To improve the substrate scope,
we found that N-hydroxy-7-azabenzotriazole works very well under the same
condition.

However,

1-Hydroxyindazole,

N-hydroxy-4-quinolone,

and

N-

hydroxyquinazolinediones didn’t react with alkynes under the same conditions.
Moreover, N-oxides such as cinnoline-N-oxide, and benzofuroxan also didn’t show
any reactivity with alkynes under the same conditions. We also tested reactions of
internal alkynes such as 2-decyne, and 5-decyne with N-hydroxybenzotriazole 52a, but these reactions were very sluggish, even after one week. Reaction of
propargyl alcohol also led to the formation of a minor regioisomer, possibly due to
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steric reasons. When allene 5-1k was treated with N-hydroxybenzotriazole 5-2a,
we obtained 5-3qa in lower yield (17%); the majority of unreacted allene 5-1k was
recovered, indicating that an allene is less reactive than the corresponding alkyne
under these conditions.
In closing, 3,3-sigmatropic rearrangement of 5-3 gives access to functionalized Nheterocycles, while electrophilic fluorination of 5-3 gives high yielding
regioselective access to a functionalized fluoroketone. Conversion into the
expected 7-substituted benzotriazoles 5-4 proceeded with moderate to good yield
(40 -75%). In some cases, we also observed low yield of 5-4, because we also
isolated the N-sustituted ketones 5-5 as a side products.The two-step sequence
(nucleophilic addition / sigmatropic rearrangement) represents an efficient protocol
for transfer of a nucleophilic oxygen atom to an alkyne group. The work described
in this chapter was published in Org. Lett. 2013, 15, 724-727.

5.4 Experimental
General
1

H and

13

C NMR spectra were recorded at 500 and 126 (or 400 and 101) MHz

respectively, using CDCl3 as a solvent. The chemical shifts are reported in  (ppm)
values (1H and
ppm for

13

13

C NMR relative to CHCl3,  7.26 ppm for 1H NMR and  77.0

C NMR and CFCl3 (δ 0 ppm for

19

F NMR), multiplicities are indicated

by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hextet), m
(multiplet) and br (broad). Coupling constants, J, are reported in Hertz (Hz).
Solvents (tetrahydrofuran, ether, dichloromethane and DMF) were chemically
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dried using a commercial solvent purification system. All other reagents and
solvents were employed without further purification. The products were purified
using a commercial flash chromatography system or a regular glass column. TLC
was developed on silica gel 60 F254 aluminum sheets. Exact molecular weight of
new compound was obtained by high-resolution electrospray ionization mass
spectrometry (HREIMS).

Synthesis of N-hydroxybenzotriazole and N-hydroxyindole
Compound 5-2a, 5-2b, 5-2d are available commercially. Compounds 5-2e, 5-2f, 52g were synthesized following literature procedures.184-186
Procedure for preparation of 5-2c.
OH
N
N
N

5-2c

A mixture of 4-chloro-3-nitrotoluene (2 g, 11.655 mmol) and hydrazine hydrate
(3.3 mL, 116.6 mmol) in dry EtOH was heated under reflux for 20 h and then
cooled to room temperature. From the reaction mixture, EtOH was evaporated
under reduced pressure. This left a residue to which MeOH (20 mL) was added
and the mixture was acidified with conc. HCl. This addition induced precipitation
of a yellowish white solid, which was filtered. Evaporation of the solvent from the
filtrate afforded additional amount of yellowish solid. The combined residues were
taken up in CHCl3. The chloroform solution was washed repeatedly with water and
phases were separated. Then the organic layer was dried over anhyd. Na2SO4, and
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the solvent was evaporated to afford a yellowish solid which was further purified
by column chromatography over silica gel with using Hexane/EtOAc to give 5-2c
as a yellowish solid (2.7 g, 63 %); mp 177-179 °C; 1H-NMR (Acetone-d6, 400
MHz) 7.79 (d, 1H), 7.47 (s, 1H), 7.25 (d, 1H), 2.52 (s, 3H); 13C-NMR (Acetone-d6,
400 MHz) 141.8, 137.9, 128.7, 126.7, 118.6, 108.2, 20.8; High Res MS (ES+)
Calculated for [C7H8N3O]+ (MH+): 150.0662; Found: 150.0663.

General procedure for the preparation for 5-3

N-hydroxybenzotriazole 5-2 (45 mg, 0.336 mmol, 1.1 equiv) was added into a
solution of the alkyne/allene 5-1 (30 mg, 0.306 mmol), Ph3PAuCl (7.6 mg, 0.0153
mmol, 5 mol%) in 2 mL DCE (dichloroethane). The reaction was stirred at the
room temperature for 8 h. The solvent was removed under reduced pressure to give
crude product, the crude product was purified by flash silica gel chromatography to
give the product 5-3 (53%-100%) yield.
5-((1H-benzo[d][1,2,3]triazol-1-yl)oxy)hex-5-en-3-ol (5-3aa)
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Compound 5-3aa was prepared in 100% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  8.01 (d, 1H, J
= 8.4 Hz), 7.46-7.54 (m, 2H), 7.35-7.39 (m, 1H), 4.34 (d, 1H, J = 4 Hz), 4.05 (m,
1H), 3.68 (d, 1H, J = 4 Hz), 2.95 (br, 1H), 2.64 (dd, 1H, J =16 Hz), 2.51 (dd, 1H, J
= 16Hz), 1.55 (m, 2H), 1.02 (t, 3H, J = 4Hz); 13C NMR (100 MHz, CDCl3)  161.3,
143.2, 128.5, 127.6, 124.9, 120.2, 108.9, 89.3, 70.3, 39.2, 29.9, 9.9; High Res MS
(ES+) Calculated for [C12H16N3O2]+ (MH+): 234.1237; Found: 234.1238.
1-((1-phenylvinyl)oxy)-1H-benzo[d][1,2,3]triazole (5-3ba)

Compound 5-3ba was prepared in 80% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  8.07 (d, 1H,
J = 8 Hz), 7.77-7.79 (m, 2H), 7.46-7.55 (m, 2H), 7.42-7.45 (m, 4H), 4.94 (d, 1H, J
= 4.4 Hz), 3.98 (d, 1H, J = 4.4 Hz);

13

C NMR (100 MHz, CDCl3)  161.2, 143.4,

131.4, 130.0, 128.7, 128.6, 127.7, 125.8, 124.9, 120.4, 108.7, 88.4; High Res MS
(ES+) Calculated for [C14H12N3O]+ (MH+): 238.0980; Found: 238.0980.
1-(oct-1-en-2-yloxy)-1H-benzo[d][1,2,3]triazole (5-3ca)
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Compound 5-3ca was prepared in 96% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  8.06 (d, 1H,
J = 8.4 Hz), 7.47-7.56 (m, 2H), 7.40-7.44 (m, 1H), 4.24 (d, 1H, J = 4.0 Hz), 3.63
(d, 1H, J = 4 Hz), 2.45 (t, 2H, J = 8 Hz), 1.74 (p, 2H), 1.44-1.49 (m, 2H), 1.341.40 (m, 4H), 0.93 (t, 3H, J = 8 Hz);

13

C NMR (100 MHz, CDCl3)  164.2, 143.3,

128.3, 127.7, 124.7, 120.4, 108.7, 86.8, 31.5, 31.3, 28.6, 26.9, 22.5, 14.1; High Res
MS (ES+) Calculated for [C14H20N3O]+ (MH+):246.1601; Found: 246.1604.
1-((1-(4-fluorophenyl)vinyl)oxy)-1H-benzo[d][1,2,3]triazole (5-3da)

Compound 5-3da was prepared in 83% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  8.10 (d, 1H,
J = 8 Hz), 7.77-7.81 (m, 2H), 7.56-7.57 (m, 2H), 7.44-7.47 (m, 1H), 7.17 (t, 2H, J
= 8.8) 4.90 (d, 1H, J = 4.8 Hz), 3.98 (d, 1H, J = 4.0 Hz);

13

C NMR (100 MHz,

CDCl3)  164.9, 162.4, 160.3, 143.4, 128.6, 127.9, 126.4 (d, J = 290.4 Hz), 120.5,
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115.9, 115.7, 108.6, 88.3; High Res MS (ES+) Calculated for [C14H11FN3O]+
(MH+): 255.0881; Found: 256.0883.
1-((3-methoxyprop-1-en-2-yl)oxy)-1H-benzo[d][1,2,3]triazole (5-3ea)

Compound 5-3ea was prepared in 89% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  8.00 (d, 1H,
J = 8.4 Hz), 7.49-7.50 (m, 2H), 7.37-7.38 (m, 1H), 4.57 (d, 1H, J = 3.6 Hz), 4.16 (s,
2H), 3.99 (d, 1H, J = 4.0 Hz), 3.44 (s, 3H);

13

C NMR (100 MHz, CDCl3)  159.7,

143.3, 128.6, 127.5, 124.9, 120.3, 108.8, 91.6, 69.7, 58.4; High Res MS (ES+)
Calculated for [C10H12N3O2]+: 206.0924; Found: 206.0926.
1-((1-(cyclohex-1-en-1-yl)vinyl)oxy)-1H-benzo[d][1,2,3]triazole (5-3fa)

Compound 5-3fa was prepared in 70% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  8.03 (d, 1H,
J = 8.4 Hz), 7.50-7.51 (m, 2H), 7.37-7.41 (m, 1H), 6.64 (br, 1H), 4.43 (d, 1H, J =
4.4 Hz), 3.68 (d, 1H, J = 4.0 Hz), 2.22-2.23 (m, 4H), 1.73-1.78 (m, 2H), 1.62-1.68
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(m, 2H);

13

C NMR (100 MHz, CDCl3)  161.6, 143.4, 128.3, 128.2, 127.8, 124.8,

120.3, 108.9, 86.3, 25.4, 25.2, 22.3, 21.7; High Res MS (ES+) Calculated for
[C14H16N3O]+ (MH+): 242.1288; Found: 242.1289.
2-((1H-benzo[d][1,2,3]triazol-1-yl)oxy)oct-1-en-3-ol (5-3ga)

Compound 5-3ga was prepared in 53% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  8.05 (d, 1H, J
= 8.0 Hz), 7.50-7.53 (m, 2H), 7.39-7.43 (m, 1H), 4.58 (d, 1H, J = 4.0 Hz), 4.45 (m,
1H), 3.78 (d, 1H, J = 4.0 Hz), 2.53 (br, 1H), 1.87-2.53 (m, 2H), 1.51-1.61 (m, 2H),
1.37-1.41 (m, 2H), 0.92 (t, 3H, J = 7.2 Hz);

13

C NMR (100 MHz, CDCl3)  165.1,

143.3, 128.6, 127.6, 124.9, 120.4, 108.8, 87.8, 70.5, 34.8, 31.6, 25.1, 22.6, 14.0;
High Res MS (ES+) Calculated for [C14H20N3O2]+ (MH+): 262.1550; Found:
262.1555.
1,1'-(hepta-1,6-diene-2,6-diylbis(oxy))bis(1H-benzo[d][1,2,3]triazole) (5-3ha)
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2.2 equiv of 5-2a was used instead of 1.1 equiv in the reaction. Compound 5-3ha
was prepared in 95% yield according to the general procedure (eluents:
ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  8.75 (d, 1H, J = 8.8
Hz), 7.52-7.58 (m, 2H), 7.41-7.46 (m, 1H), 4.37 (d, 1H, J = 4.0 Hz), 3.76 (d, 1H, J
= 3.6 Hz), 2.67 (t, 2H, J = 7.6 Hz), 2.21-2.29 (m, 1H);

13

C NMR (100 MHz,

CDCl3)  162.9, 143.4, 128.6, 127.7, 124.9, 120.5, 108.6, 88.1, 30.6, 24.3; High
Res MS (ES+) Calculated for [C19H19N6O2]+: 363.1564; Found: 363.1567.
1-(hex-1-en-2-yloxy)-1H-benzo[d][1,2,3]triazole (5-3ia)

Compound 5-3ia was prepared in 100% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  8.02 (d, 1H,
J = 8.4 Hz), 7.44-7.52 (m, 2H), 7.36-7.40 (m, 1H), 4.21 (d, 1H, J = 3.6 Hz), 3.60
(d, 1H, J = 4.0 Hz), 2.42 (t, 2H, J = 7.6 Hz), 1.67-1.74 (p, 2H), 1.42-1.52 (m, 2H),
0.97 (t, 3H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  164.2, 143.3, 128.4, 127.7,
124.7, 120.3, 108.7, 86.8, 31.0, 29.0, 22.1, 13.8; High Res MS (ES+) Calculated
for [C12H16N3O]+ (MH+): 218.1288; Found: 218.1289.
5-((6-(trifluoromethyl)-1H-benzo[d][1,2,3]triazol-1-yl)oxy)hex-5-en-3-ol (5-3jb)
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Compound 5-3jb was prepared in 81% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  8.16 (d, 1H, J
= 8.8 Hz), 7.91 (s, 1H), 7.63 (d, 1H, J = 8.8 Hz), 4.42 (d, 1H, J = 3.6 Hz), 4.044.10 (m, 1H), 3.72 (d, 1H, J = 4.0 Hz), 2.67-2.71 (dd, 1H, J = 14.8 Hz), 2.51-2.57
(dd, 1H, J = 15.2 Hz), 2.49 (br, 1H), 1.61-1.74 (m, 2H), 1.05 (t, 3H, J = 7.6 Hz);
13

C NMR (100 MHz, CDCl3)  161.6, 144.4, 130.8 (q, J = 32.5 Hz), 127.1, 123.5

(q, J = 272.1 Hz), 121.6 (q, J = 3.1 Hz), 121.5, 107.5 (q, J = 4.6 Hz), 89.7, 70.4,
39.1, 30.1, 9.8; High Res MS (ES+) Calculated for [C13H15F3N3O2]+ (MH+):
302.1111; Found: 302.1113
1-(oct-1-en-2-yloxy)-6-(trifluoromethyl)-1H-benzo[d][1,2,3]triazole (5-3kb)

Compound 5-3kb was prepared in 87% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  8.19 (d, 1H,
J = 8.8 Hz), 7.81 (s, 1H), 7.65 (d, 1H, J = 8.8 Hz), 4.29 (d, 1H, J = 4.0 Hz), 3.63 (d,
1H, J = 4.4 Hz), 2.47 (t, 2H, J = 7.6 Hz), 1.71-1.79 (m, 2H), 1.46-1.49 (m, 2H),
1.34-1.39 (m, 4H), 0.93 (t, 3H, J = 7.2 Hz);
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13

C NMR (100 MHz, CDCl3)  164.5,

144.4, 130.7 (q, J = 32.5 Hz), 127.2, 123.6 (q, J = 271.9 Hz), 121.6 (q, J = 3.9 Hz),
121.5, 107.2 (q, J = 4.7 Hz), 87.2, 31.5, 31.3, 28.6, 26.8, 22.5, 14.0; High Res MS
(ES+) Calculated for [C15H19F3N3O]+ (MH+): 314.1475; Found: 314.1476
6-methyl-1-(oct-1-en-2-yloxy)-1H-benzo[d][1,2,3]triazole (5-3lc)

Compound 5-3lc was prepared in 100% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:10). 1H NMR (400 MHz, CDCl3)  7.89 (d, 1H,
J = 8.8 Hz), 7.20-7.22 (m, 2H), 4.21 (d, 1H, J = 4.0 Hz), 3.61 (d, 1H, J = 3.6 Hz),
2.51 (s, 3H), 2.42 (t, 2H, J = 7.6 Hz), 1.69-1.76 (p, 2H), 1.42-1.47 (m, 2H), 1.331.37 (m, 4H), 0.91 (t, 3H, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  164.2, 142.1,
139.3, 128.1, 127.1, 119.8 107.7, 86.7, 31.5, 31.3, 28.7, 26.9, 22.6, 21.9, 14.1;
High Res MS (ES+) Calculated for [C15H22N3O]+ (MH+): 260.1757; Found:
260.1760
5-((6-methyl-1H-benzo[d][1,2,3]triazol-1-yl)oxy)hex-5-en-3-ol (5-3mc)

94

Compound 5-3mc was prepared in 92% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  7.81 (d, 1H, J
= 8.8 Hz), 7.20 (s, 1H), 7.13 (d, 1H, J = 8.4 Hz) 4.26 (d, 1H, J = 4.0 Hz), 3.95-4.02
(m, 1H), 3.62 (d, 1H, J = 4 Hz), 2.70 (bs, 1H), 2.56-2.61 (dd, 1H, J = 14.8 Hz),
2.45 (t, 1H, J = 8.4 Hz), 2.42 (s, 3H), 1.53-1.61 (m, 2H), 0.97 (t, 3H, J = 7.2 Hz);
13

C NMR (100 MHz, CDCl3)  161.2, 141.9, 139.6, 128.0, 127.3, 119.7, 107.8,

89.3, 70.3, 39.3, 29.9, 21.9, 9.9; High Res MS (ES+) Calculated for [C13H18N3O2]+
(MH+): 248.1394; Found: 248.1396
3-(oct-1-en-2-yloxy)-3H-[1,2,3]triazolo[4,5-b]pyridine (5-3nd)

N

O
N
N
N

5-3nd

Compound 5-3nd was prepared in 80% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  8.76 (d, 1H, J
= 5.6 Hz), 8.42 (d, 1H, J = 10.0 Hz), 7.44 (dd, 1H, J = 13.2 Hz) 4.29 (d, 1H, J =
4.4 Hz), 3.69 (d, 1H, J = 4 Hz), 2.50 (t, 2H, J = 15.2), 1.80-1.73 (m, 2H), 1.52-1.45
(m, 2H), 1.40-1.34 (m, 4H), 0.92 (t, 3H, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3)
 164.9, 151.6, 139.9, 134.9, 129.3, 120.7, 86.9, 31.5, 31.3, 28.6, 26.7, 22.5, 14.9;
High Res MS (ES+) Calculated for [C13H18N3O2]+ (MH+): 247.1553; Found:
247.1555
3-((1-(4-fluorophenyl)vinyl)oxy)-3H-[1,2,3]triazolo[4,5-b]pyridine (5-3od)
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F

O
N
N
N
5-3od

N

Compound 5-3od was prepared in 80% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  8.78 (d, 1H, J
= 6 Hz), 8.45 (d, 1H, J = 10.0 Hz), 7.87-7.83 (m, 2H), 7.49-7.45 (m, 1H), 7.15 (m,
2H) 4.95 (d, 1H, J = 4.8 Hz), 4.15 (d, 1H, J = 4.8 Hz);

13

C NMR (100 MHz,

CDCl3)  164.9, 162.4, 160.9, 151.8, 139.9, 134.9, 129.4, 127.9 (d, J = 290.4 Hz),
120.9, 115.8, 115.6, 89.2; High Res MS (ES+) Calculated for [C13H18N3O2]+
(MH+): 257.0833; Found: 257.0835
3-((1-(4-methoxyphenyl)vinyl)oxy)-3H-[1,2,3]triazolo[4,5-b]pyridine (5-3pd)

Compound 5-3pd was prepared in 70% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  8.78 (d, 1H, J
= 4.4 Hz), 8.44 (dd, 1H, J = 7.2 Hz), 7.79 (m, 2H), 7.47-7.44 (m, 2H), 6.97 (m,
2H) 4.88 (d, 1H, J = 4.4 Hz), 4.05 (d, 1H, J = 4.0 Hz), 3.87 (s, 3H); 13C NMR (100
MHz, CDCl3)  161.9, 160.9, 151.8, 140.0, 134.9, 129.4, 127.8, 124.0, 120.9,
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113.9, 87.6, 55.4; High Res MS (ES+) Calculated for [C13H18N3O2]+ (MH+):
269.1033; Found: 269.1035
1-(1H-benzo[d][1,2,3]triazol-4-yl)-4-cyclohexylbutan-2-one (5-3qa)

O
N
N
N
5-3qa

Compound 5-3qa was prepared in 17% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:40). 1H NMR (400 MHz, CDCl3)  8.05 (d, 2H,
J = 8.0 Hz), 7.47-7.55 (m, 2H), 7.39-7.43 (m, 1H), 4.23 (d, 1H, J = 3.6 Hz), 3.62
(d, 1H, J = 4.0 Hz), 2.45 (t, 2H, J = 8.0 Hz), 1.61-1.81 (m, 7H), 1.38-1.41 (m, 1H),
1.16-1.29 (m, 3H), 0.96-1.02 (m, 2H); 13C NMR (100 MHz, CDCl3)  164.7, 143.4,
128.3, 127.7, 124.7, 120.4, 108.8, 86.6, 37.1, 34.6, 33.1, 28.8, 26.6, 26.2; High Res
MS (ES+) Calculated for [C16H22N3O]+: 272.1757; Found: 272.1762.

General procedure for the preparation of 5-4
R

R1

O
N
N
N

R1
100 0C, dioxane
2-4 h

R
O N

N
5-4

5-3

NH

Vinyl ether intermediate 5-3 (50 mg) was dissolved in dioxane (2 mL). The
mixture was stirred at 100 0C for 2-4 h. The solvent was removed under reduced
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pressure to give crude product, the crude product was purified by flash silica gel
chromatography to give the product 5-4 (40%-75%) yield.
1-(1H-benzo[d][1,2,3]triazol-4-yl)-4-hydroxyhexan-2-one (5-4a)

Compound 5-4a was prepared in 75% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:2). 1H NMR (400 MHz, CDCl3)  7.70 (d, 1H, J
= 8.4 Hz), 7.31 (t, 1H, J = 8.4 Hz), 7.18 (d, 1H, J = 6.8 Hz), 4.25 (s, 2H), 4.11 (m,
1H), 2.79 (m, 2H), 1.55 (m, 2H), 0.93 (t, 3H, J = 7.2 Hz );

13

C NMR (100 MHz,

CDCl3)  208.7, 138.7, 126.8, 126.1, 121.8, 113.9, 69.8, 49.2, 46.6, 29.7, 9.8; High
Res MS (ES+) Calculated for [C12H16N3O2]+ (MH+): 234.1237; Found: 234.1239.
1-(1H-benzo[d][1,2,3]triazol-4-yl)hexan-2-one (5-4b)

Compound 5-4b was prepared in 60% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  7.73 (d, 1H, J
= 8.0 Hz), 7.34 (t, 1H, J = 8.4 Hz), 7.22 (d, 1H, J = 6.8 Hz), 4.16 (s, 2H), 2.59 (t,
2H, J = 7.6 Hz), 1.51 (m, 2H), 1.22 (m, 2H), 0.81 (t, 3H, J = 7.6Hz);

13

C NMR

(100 MHz, CDCl3)  208.8, 138.8, 138.6, 126.4, 126.2, 122.0, 113.8, 42.5, 25.6,

98

22.1, 13.7; High Res MS (ES+) Calculated for [C12H16N3O]+ (MH+): 218.1288;
Found: 218.1291.
1-(1H-benzo[d][1,2,3]triazol-4-yl)-3-methoxypropan-2-one (5-4c)

Compound 5-4c was prepared in 40% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:2). 1H NMR (400 MHz, Acetone-d6)  7.78 (d,
1H, J = 8.4 Hz), 7.42 (t, 1H, J = 7.6 Hz), 7.27 (d, 1H, J = 6.8 Hz), 4.29 (s, 2H),
4.25 (s, 2H), 3.39 (s, 3H);

13

C NMR (100 MHz, CDCl3)  204.4, 125.9, 125.8,

112.6, 76.9, 58.4; High Res MS (ES+) Calculated for [C10H12N3O2]+: 206.0924;
Found: 206.0927.
1-(1H-benzo[d][1,2,3]triazol-4-yl)octan-2-one (5-4d)

Compound 5-4d was prepared in 60% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  7.70 (d, 1H, J
= 8.4 Hz), 7.34 (t, 1H, J = 7.6 Hz ), 7.21 (d, 1H, J = 6.8 Hz), 4.23 (s, 2H), 2.58 (t,
2H, J = 7.2 Hz), 1.56 (m, 2H), 1.18 (m, 6H), 0.80 (t, 3H, J = 7.2 Hz);

13

C NMR

(100 MHz, CDCl3)  208.9, 139.6, 138.0, 126.3, 125.9, 122.6, 113.6, 45.6, 42.8,
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31.4, 28.6, 23.5, 22.4, 13.9; High Res MS (ES+) Calculated for [C14H20N3O]+
(MH+):246.1601; Found: 246.1602.
2-(1H-benzo[d][1,2,3]triazol-4-yl)-1-(4-fluorophenyl)ethanone (5-4e)

Compound 5-4e was prepared in 53% yield according to the general procedure
(eluents: ethylacetate: hexane = 1:4). 1H NMR (400 MHz, CDCl3)  8.20 (m, 2H),
7.78 (d, 1H, J = 8.4 Hz ), 7.42 (t, 1H, J = 7.6 Hz), 7.26 (m, 3H) 4.85 (s, 2H;

13

C

NMR (100 MHz, CDCl3)  195.5, 167.2, 164.7, 133.1, 131.0, 126.3, 125.9 (d, J =
290.4 Hz), 115.4, 115.2, 113.6, 40.7; High Res MS (ES+) Calculated for
[C14H11FN3O]+ (MH+): 255.0881; Found: 256.0882.
4-hydroxy-1-(5-methyl-1H-benzo[d][1,2,3]triazol-4-yl)hexan-2-one (5-4f)

Compound 5-4f was prepared in 41% yield according to the general procedure
(eluents: ethylacetate: hexane = 2:3). 1H NMR (400 MHz, CDCl3)  7.60 (d, 1H, J
= 8.8 Hz), 7.22 (d, 1H, J = 8.4 Hz), 4.27 (s, 2H), 4.10 (m, 1H), 2.73 (m, 2H), 2.4 (s,
3H), 1.53 (m, 2H), 0.93 (t, 3H, J = 7.2 Hz ); 13C NMR (100 MHz, CDCl3)  208.4,

100

139.6, 137.5, 134.6,

129.4, 119.1, 113.3, 70.0, 48.9, 43.7, 29.8, 18.9, 9.8; High

Res MS (ES+) Calculated for [C13H18N3O2]+ (MH+): 248.1394; Found: 248.1395
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H and 13C NMR spectra of compounds 5-3
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Crystallographic studies
Crystals of 5-3od for X-ray diffraction studies were grown by evaporation from a
50:50 methanol/hexane solution. C13H9FN4O: colorless plate, 0.33 x 0.24 x 0.07
mm3, monoclinic, space group P21/c, a = 21.920(3) Å, b = 7.6412(7) Å, c =
7.0921(6) Å, a = g = 90°, b = 94.339(11)° V = 1184.5(2) Å3, Dcalc = 1.437 Mg/m3,
Z = 4. Data were collected on an Agilent Technologies/Oxford Diffraction Gemini
CCD diffractometer at 100 K using MoKα radiation (0.71073 Å). For 3177 unique
reflections I>2s(I) [R(int) 0.043] the final anisotropic full matrix least-squares
refinement on F2 for 208 variables converged at R1 = 0.060 and wR2 = 0.101 with
a GOF of 1.06. Crystals of 5-4e, C14H10FN3O: colorless plate, 0.34 x 0.25 x 0.05
mm3, monoclinic, space group P21/n, a = 13.6216(11) Å, b = 19.5088(9) Å, c =
15.1173(9) Å, a = g = 90°, b = 116.200(9) °, V = 3604.6(4) Å3, Dcalc = 1.411
Mg/m3, Z = 12.

Data were collected on an Agilent Technologies/Oxford

Diffraction Gemini CCD diffractometer at 100 K using MoKα radiation (0.71073
Å). For 7909 independent reflections I>2s(I) [R(int) 0.034] the final anisotropic
full matrix least-squares refinement on F2 for 634 variables converged at R1 =
0.045 and wR2 = 0.089 with a GOF of 1.07.
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CONCLUSIONS
In the last decade there have been numerous reviews and publications on new gold
catalyzed transformations. During the last few years our group has also developed
new gold methodologies for the synthesis of interesting compounds and improved
the efficiency of gold catalysis through ligand design. Specifically, some group
members worked on ligand design and others focused on new reaction
developments. Our experience with gold catalysis taught us that the major problem
with this metal is the high catalyst loading (or low turnover number) required for
most gold-catalyzed reactions. A major focus of this thesis is the investigation of
basic mechanistic insights in gold-catalyzed reactions with the aim of reducing
catalyst loading and improve overall efficiency.
We conducted detailed experimental studies to understand the mechanism of
deactivation of gold active species. Based on the combination of experimental data,
we proposed that disproportionation was preferred, as compared to reduction of
active gold catalyst. We found that the substrate (alkyne/allene/alkene) may play a
key role in the decay process. Moreover, we also found out that additives,
coordinating counterions and solvents could play an important role in stopping the
deactivation of the gold catalyst. To address the high resistance toward
protodeauration in gold catalysis, we explored a new strategy to enhance the
efficacy

of

gold-catalyzed

reactions
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through

hydrogen-bonding

assisted

protodeauration using additives chosen for their pKBHX (hydrogen-bond basicity)
rather than for their pKa. We found out that an ideal hydrogen bond acceptor
additive should have (i) high hydrogen bonding basicity, (ii) low basicity, and (iii)
low affinity toward cationic gold. Our studies suggested that additives with high
hydrogen bonding basicity are often helpful when stage 2 in the target reaction is
relatively slow as compared to stage 1. Additives with low basicity and low
affinity toward cationic gold are useful when stage 1 in the target reaction is
relatively slow as compared to stage 2. Hence, the overall effectiveness of a
hydrogen bond acceptor will depend upon on the balance between the two effects.
To address the threshold phenomenon in gold-catalyzed reactions, we examined
what were the effects of impurities with high gold affinity impurities (halides,
bases) in solvents, starting materials, filtration or drying agents on the reactivity of
the gold catalyst. We found that these impurities had an adverse effect on gold
catalyzed reactions, which may, in turn, significantly reduce the TON of cationic
gold catalyzed reactions. We found that the use of a suitable acid activator (e.g.
HOTf, In(OTf)3) re-activates the gold catalyst and makes the reaction proceed
smoothly at low gold catalyst loading. It should be noted that acid activators not
only can re-activate the poisoned gold catalyst, but they can also positively
influence the later stage in the gold catalytic cycle (e.g., protodeauration), acting as
co-catalysts to speed-up the reaction.
To explore the reactivity of Au catalysts towards oxygen-atom transfer reactions,
we investigated the gold-catalyzed addition of O-nucleophiles to alkynes to
produce synthetically important vinyl ether products in excellent yields and
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regioselectivities at room temperature. At higher temperatures, 3,3-sigmatropic
rearrangement of vinyl ether products gives access to highly functionalized
benzotriazoles. This two-step sequence represents an efficient oxygen transfer
protocol of a nucleophilic oxygen atom to an alkyne group. Reaction of vinyl ether
products with an electrophilic fluorinating reagent (Selectfluor) gives a fluorinated
ketone in good yield and exclusive regioselectivity.
In the future, and as a corollary to our finding that additives play a very important
role in catalysis, we would like to expand the use of additives, such as LiNTf2, not
only to other types of gold catalysis but also to other metal catalyzed reactions.
Moreover, we would like to explore the application of the hydrogen bond basicity
concept to other metal catalysis and organocatalysis. Finally, we would like to
investigate whether acid activators only serve to re-activate a poisoned catalyst, or
if they also can act as a co-catalysts in gold-catalyzed reactions.
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APPENDIX- LIST OF ABBREVIATIONS
CV: Cyclic voltammetry
CoCp*2: Decamethylcobaltocene
DCM: Dichloromethane
DMSO: Dimethylsulfonyl Oxide
DCE: Dichloroethane
DMPU: 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
ESI-MS: Electrospray Ionization mass spectrometry
EtOAc: Ethyl Acetate
GC: Gas Liquid Chromatography
h: Hour
HOMO: Highest occupied molecular orbital
HRMS: High resolution mass spectroscopy
Hz: Hertz
HOBt: Hydroxybenzotriazole
HCl: Hydrochloric acid
HMPA: Hexamethylphosphoramide
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LUMO: Lowest unoccupied molecular orbital
L: Ligand
MHz: Megahertz
M: Molar
mg: Milligram
min: Minute
mL: Milliliter
mmol: Millimole
mM: Millimolar
m/z: Mass to charge ratio
NHC: N-Heterocyclic carbene
Nu: Nucleophile
NMR: Nuclear magnetic resonance spectroscopy
NTf2: Bis(trifluoromethanesulfonyl)imide
ppm: Parts per million
rt: Room temperature
AgOTf: Silver triflate
AgSbF6: Silver hexafluoroantimonate
TBAHFP: Tetrabutylammonium hexafluorophosphate
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TfOH: Trifluoromethanesulfonic acid
TLC: Thin layer chromatography
tert: Tertiary
THF: Tetrahydrofuran
TON: Turnover number
TfO: Triflate
THF: Tetrahydrofuran
Ph3P: Triphenyl phosphine
PPN: Bis(triphenylphosphine)iminium
XPS: X-ray photoelectron spectroscopy
: Alpha
: Beta
δ: Delta
γ: Gamma
m: Meta
o: Ortho
p: Para
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